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INTRODUCTION
General tapeworm biology
Tapeworms (Class: Cestoda) are members of the phylum Platyhelminthes. All
cestodes are obligate parasites and as adults are found in the digestive tract of vertebrates.
Their lack of a protective outer body layer, such as a cuticle, leads most of the
approximately 6,000 species of tapeworms to reside primarily in the intestine of their
hosts, rather than the less hospitable, low pH habitat of the stomach (Caira et al., 2012).
Cestodes lack all elements of a digestive tract; they possess no mouth, gut, or anus.
Instead, they absorb nutrients through their neodermis, a specialized, syncytial outer body
layer. The body of a tapeworm is divided into 2 regions: an anterior attachment region
called a scolex, and a posterior region that houses the reproductive organs. In most
species the reproductive organs are grouped into hermaphroditic packages known as
proglottids, attached end-to-end in a chain referred to as the strobila.
The morphology of the scolex is highly variable across the 19 orders of
tapeworms and is an important diagnostic feature (Caira and Jensen, 2014). Generally, it
is divided into the scolex proper, and a neck-like region called the cephalic peduncle. The
form of the scolex is highly variable in tapeworms and possesses many elaborate
modifications for attachment to the intestine of their host. Many tapeworms possess
elaborate modifications of the scolex proper for attachment. Tapeworms in the order
“Tetraphyllidea,” now known to be paraphyletic (Caira et al., 2014), have a scolex proper
consisting of 4 muscular regions called bothridia. It is common for each bothridium to be
further divided by horizontal septa into regions called loculi. The bothridia often bear
additional muscular suckers and may be armed with proteinaceous hooks (Caira et al.,
1999). The genus Calliobothrium van Beneden, 1850, on which my thesis focuses,
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comprises species that possess a scolex proper consisting of 4 bothridia, each with 3
loculi and 2 pairs of hooks. In addition, each bothridium bears either 1 or 3 suckers on a
muscular pad at its anterior margin.
At the posterior margin of the cephalic peduncle is a germinative region where the
proglottids that comprise the strobila are produced. As a result, tapeworms are excellent
models for developmental progression: at the anterior of the strobila are the youngest
proglottids, further down the length of the strobila are older proglottids that are
considered mature once both the male and female reproductive systems are fully
developed, and, in species that retain egg-bearing (i.e., gravid) proglottids, yet further
down the strobila one may find fertilized proglottids. The point in development at which
proglottids drop from the strobila varies among tapeworm groups. Species that drop
gravid proglottids are considered apolytic, those that drop mature proglottids (i.e.,
proglottids with fully developed male and female reproductive systems) are referred to as
euapolytic, and species that drop immature proglottids are called hyperapolytic (Caira et
al., 1999). Some species of Calliobothrium are apolytic while others are euapolytic.
Proglottid anatomy varies somewhat across tapeworm groups. Each proglottid
typically contains a set of male and a set of female reproductive organs, the arrangement
of which is of some taxonomic importance (Caira et al., 2012). Proglottids can be
craspedote; that is, they overlap the previous proglottid, or acraspedote. In addition, some
tapeworms, including some members of the genus Calliobothrium, possess proglottids
with elaborate extensions at their posterior margins, referred to as laciniations.
Cestodes possess a remarkable synapomorphy: the microthrix (plural:
microtriches) (Chervy, 2009). Microtriches are surface structures—elaborations of the
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tegument—found on all cestodes. Microtriches come in 2 basic forms: large, robust,
spinitriches, that occur in a variety of shapes, thought to mainly function in attachment to
the host, and smaller filitriches, which are more conserved in form and thought to serve
mainly in absorption (Chervy, 2009).
Of the 19 cestode orders, 9 contain species that parasitize elasmobranchs (Caira
and Jensen, 2014). All but the “Tetraphyllidea” are monophyletic (Caira and Jensen,
2014; Caira et al., 2014). Of the genera once assigned to the “Tetraphllidea,” many have
been transferred to the new order Onchoproteocephalidea, which contains species that
parasitize boney fish and elasmobranchs (although some exceptional species parasitize
terrestrial vertebrates). This resolved much of the polyphyletic nature of the
“Tetraphyllidea,” but the phylogenetic position of a number of tetraphyllidean genera,
including Calliobothrium, remains unresolved. Caira et al. (2014) proposed that these
problematic genera, most of whose phylogenetic relationship differed across analyses
with consistently low support, should remain in the “Tetraphyllidea” until their
phylogenetic positions are more fully resolved. Interestingly, Caira et al. (2014) found
that the hooked tretraphyllideans (i.e., the “Onchobothriidae”) represented at least 3
independent lineages. Species of Calliobothrium represent one of these independent
transitions; they consistently grouped among a numerous non-hooked genera, away from
all other hooked genera included in the analyses—a placement also supported by their
unique bothridial armature in the form of 2 pairs of hooks per bothridium (Caira et al.
2014).
While all tetraphyllidean tapeworms are found as adults in the digestive tract of
vertebrates, the complete life cycle is unknown for essentially all species. All cestodes
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are trophically transmitted, and the tetraphyllidean life cycles partially characterized so
far suggest a general pattern (Chambers et al., 2000; Jensen and Bullard, 2010): gravid
proglottids are passed with the host’s feces and eggs are released into the seawater where
the first larval stage, the hexacanth, is released. Tapeworms generally go through at least
2 larval stages before entering their elasmobranch definitive host to develop into the adult
form (Caira and Jensen, 2014). In tetraphyllideans, the likely first intermediate host is a
copepod. The copepod is then consumed by the second intermediate host that for at least
1 species of Calliobothrium is the hermit crab Pagarus pollicarus Say, 1817, where the
larval cestode develops into a new larval stage, the plerocercoid (Caira and Ruhnke,
1991). In the genus Calliobothrium, the life cycle is completed when a shark of the
family Triakidae consumes the second intermediate host and the adult worm develops in
the spiral intestine of its host.
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HISTORICAL REVIEW OF THE GENUS CALLIOBOTHRIUM
Van Beneden (1850) erected the genus Calliobothrium with C. verticillatum
(Rudolphi, 1819) van Beneden, 1850 as its type. Rudolphi (1819: pg. 484) described the
type species of Calliobothrium as Botheriocephalus verticillatus Rudolphi, 1819 from
cestodes he collected off Rimini, Italy from hosts he identified as “Squali Galei.” Among
the specimens he identified as C. verticillatum, van Beneden (1850: pgs. 140–141)
included material from hosts he referred to as “Mustelus vulgaris,” “Galeus canis,” and
“Squatina squatina” collected in the North Sea of Belgium. At that same time, he also
described Calliobothrium leuckarti van Beneden, 1850 and C. eschrichti van Beneden,
1850 from sharks he referred to as “Mustelus vulgaris” (van Beneden, 1850: pgs. 142–
143). However, it is unclear what host species both Rudolphi (1819) and van Beneden
(1850) had examined because most of their host identifications are not considered valid
names, and the taxonomy of sharks occurring in the Mediterranean and North Sea was
very poorly known at that time. Nonetheless, with the exception of Squatina squatina (L.,
1758), the hosts examined were sharks of the family Triakidae Gray, 1851, likely of the
genus Mustelus Linck, 1790. It is noteworthy that from the point of its inception,
Calliobothrium included morphologically disparate forms: C. verticillatum with its long
strobila, laciniate proglottids, and 3 suckers at the anterior of each bothridium; C.
eschrichti with its short strobila, absence of laciniations, and a single sucker at the
anterior of each bothridium; and C. leuckarti with an intermediate sized strobila, no
laciniations, and a single sucker at the anterior of each bothridium. Nonetheless, these 3
species all possessed distinctive bothridial armature in the form of 2 pairs of hooks, and
so were all assigned to the same genus.
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It was not until 40 years later that additional taxonomic work was conducted on
Calliobothrium. Linton (1890), working in the western Atlantic Ocean, expanded the
descriptions of C. eschrichti and C. verticillatum by adding measurements from a number
of specimens he had collected from Mustelus canis Mitchill 1815 off Woods Hole
Massachusetts. Elsewhere in the world, Yoshida (1917) reported C. verticillatum and C.
eschrichti from Cynias manazo (= Mustelus manazo Bleeker, 1854) in Japan. He also
described a new species, Calliobothrium nodosum Yoshida, 1917, from the same host
species—bringing the total number of Calliobothrium species in a single host to 3.
Calliobothrium nodosum, the fourth species of Calliobothrium to be described, is similar
to C. verticillatum in that it is a large worm that possesses laciniate proglottids and 3
suckers at the anterior of each bothridium, but differs in its possession of robust, rose
thorn-like hooks and gravid proglottids that remain on the strobila rather than detaching
from the strobila when mature (i.e., it is apolytic rather than euapolytic).
The genus Calliobothrium was expanded substantially in the 1950’s. Working off
the coast of California, Riser (1955) described Calliobothrium pellucidum Riser, 1955, a
species exhibiting the small-bodied, nonlaciniate morphotype, from Mustelus californicus
Gill, 1864. Calliobothrium pellucidum was the first species of Calliobothrium that
described as possessing an accessory piece between the bases of its axial hooks. Euzet
(1954; 1959), working in the Mediterranean Sea off France, redescribed and illustrated a
number of Calliobothrium species from additional host species. In 1954, he expanded the
host records of C. verticillatum to include sharks he identified as M. laevis (an objective
synonym of M. mustelus [see Eschmeyer, 1988]), M. hinnulus (a junior synonym of M.
asterias [see Eschmeyer, 1988]), and Galeus canis (a junior synonym of Galeorhinus
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galeus [L., 1758] [see Eschmeyer, 1988]). Unfortunately, later Euzet (1959: pg. 163)
reported the same specimens from Mustelus mustelus, M. canis, and “Eugaleus galeus”
(an objective synonym of Galeorhinus galeus [see Eschmeyer, 1988]). Euzet (1954;
1959) also redescribed C. leuckarti from a host he identified as M. canis. In 1954, Euzet
reported C. eschrichti from M. hinnulus and M. laevis, but Euzet (1959) again reported
the same specimens from M. mustelus and M. canis.
Euzet (1954) examined specimens identified be Linton (1890) as C. eschrichti and
found that they possessed an accessory piece between the bases of their axial hooks; no
such accessory piece was figured in van Beneden’s original description. About that same
time, Euzet had collected specimens very similar to Linton’s in the Mediterranean Sea off
France from hosts he identified as M. laevis and M. canis. Believing his specimens to be
conspecific with Linton’s, Euzet (1954) described them as Calliobothrium lintoni Euzet,
1954, the second described species to exhibit the small, nonlaciniate form and the first
described species of Calliobothrium with an accessory piece between its hook bases.
Alexander (1963), working off New Zealand, reported C. verticillatum and C.
eschrichti from M. lenticulatus Phillipps, 1932. Like Yoshida (1917), he also reported a
third, large-bodied laciniate species with rose-thorn-like hooks, which he described and
named Calliobothrium tylotocephalum Alexander 1963. Interestingly, unlike the other
large, laciniate species of Calliobothrium, C. tylotocephalum possesses only a single
sucker at the anterior of each bothridium.
Ten years later, Ostrowski de Núñez (1973) reported C. eschrichti and C. lintoni
from yet another host, Mustelus schmitti Springer 1939, from waters off Argentina and
Uruguay. She also reported a C. verticillatum-like form, but, in recognition of subtle
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differences relative to those found elsewhere, described it as a subspecies Calliobothrium
verticillatum australis Ostrowski de Núñez, 1973. At that point, species of
Calliobothrium appeared to be generalist parasites with species such as C. eschrichti and
C. verticillatum being reported from around the globe parasitizing M. vulgaris, M.
manazo, M. laevis, M. hinnulus, M. canis, M. mustelus, M. lenticulatus, and M. schmitti.
Calliobothrium is among the elasmobranch-hosted genera that exhibit bothridia
that bear pairs of hooks, and a diversity of terminologies has been applied somewhat
inconsistently to the hooks making it difficult to determine which specific hooks are
being referred to by different authors (Caira, 1985). Caira (1985) proposed a
standardization of onchobothriid hook terminology that had implications for the genus
Calliobothrium. Historically, the 2 pairs of hooks found in Calliobothrium had been
referred to as inner and outer (e.g., Rudolphi, 1819; Van Beneden, 1850), short and long
(e.g., Southwell, 1925), or axial and lateral (e.g., Euzet, 1954). Caira argued the need for
a consistent terminology, especially concerning species with dissimilar hooks in a pair, as
was the case with a new species she was describing, Calliobothrium evani Caira, 1985. In
order to include this systematically valuable information, she proposed that each
bothridium be divided into an axial area (along the axis of the bothridium) and an abaxial
area (away from the long axis of the bothridium). In species with 2 pairs of bothridial
hooks, as is the case with species of Calliobothium, the pair of hooks associated with the
axis of the bothridium would be termed the axial hooks and those associated with the
abaxial region termed the abaxial hooks (see Figs. 1A, 2D). Furthermore, Caira (1985)
proposed the scolex should be considered to be divided into a medial area along the
midline of the scolex and 2 lateral areas away from the midline, thereby developing
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specific terminology for hooks in each pair (e.g., medial abaxial hook, lateral axial hook,
etc.). Caira’s (1985) terminology has generally been adopted and is now in common use
(Nasin et al., 1997; Ivanov and Brooks, 2002; Kurashima et al., 2014). Caira (1985) also
described C. evani, the fourth species of the small-bodied nonlaciniate morphotype and
the third to possess an accessory piece, from a host now thought to be M. lunulatus, and
emended the description of C. lintoni using her new terminology.
Working along the coast of Australia, Butler (1987) described Calliobothrium
creeveyae Butler, 1987 from Galeorhinus australis Macleay, 1881 (considered a junior
synonym of G. galeus by Compagno [1988]). This was the fourth species described that
exhibited the large-bodied, laciniate morphotype, but it was much shorter and possessed
fewer proglottids than all other laciniate species of Calliobothrium. Interestingly, even
today it remains the only species of Calliobothrium known from a host species that is not
of the genus Mustelus.
The most comprehensive review of Calliobothrium was conducted as a
collaborative effort between Nasin, Caira, and Euzet (see Nasin et al., 1997) who
examined 9 of the 10 species of Calliobothrium recognized at the time. Their efforts were
focused on clarifying inconsistencies in previous species descriptions as well as past host
identifications, many of which came into question given that multiple species of Mustelus
were determined to exist in a number of localities (e.g., M. mustelus, M. asterias Cloquet,
1819, and M. punctulatus Risso 1827 in the Mediterranean; M. californicus, M. henlei
[Gill, 1863], and M. lunulatus Jordan and Gilbert, 1882 in the Gulf of California). Their
efforts led to the redescription of C. evani, C. lintoni, and C. pellucidum, and
emendations of the descriptions of C. eschrichti and C. leuckarti, as well as to the
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description of 3 new species of Calliobothrium. These included Calliobothrium hayhowi
Nasin, Caira, and Euzet 1997 from Mustelus antarcticus collected off Victoria, Australia.
Like some of its congeners, Calliobothrium hayhowi is small-bodied and nonlaciniate,
and lacks an accessory piece between its axial hook bases. It is unique in that its
oncospheres are retained individually within compartments of the uterine wall, rather
than released in groups packaged within cocoons (Nasin et al., 1997). Their second new
species, Calliobothrium riseri Nasin, Caira and Euzet, 1997, was collected from Mustelus
henlei off Puertecitos, Mexico. It possesses an accessory piece between its axial hook
bases. Calliobothrium violae Nasin, Caira, and Euzet, 1997 was the third species
described by Nasin et al. (1997), bringing the total number of species exhibiting the
small-bodied, nonlaciniate morphotype to 7, and was the fifth species found to possess an
accessory piece between its axial hook bases. Discovery of this species came as a result
of close examination of specimens identified as C. lintoni from M. canis from the
northwestern Atlantic that revealed the specimens differed substantially from Euzet’s
(1954; 1959) Mediterranean specimens of C. lintoni. The examination of these specimens
by Nasin et al. (1997) lead to the realization that Euzet’s (1954; 1959) specimens
represented 2 species: C. lintoni in the Mediterranean and C. violae in the northwestern
Atlantic.
Nasin et al. (1997) conducted the first cladistics analysis of the group, which was
based on data for 34 morphological characters compiled for 11 of the 12 species of
Calliobothrium known at that time. They were unable to examine the type material of C.
nodosum and the preliminary nature of its description was insufficient for it to be coded
and included in their analysis. The single most parsimonious tree resulting from their
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analysis revealed 2 distinct clades within the genus. Once clade consisted of the largebodied, laciniate species C. verticillatum, C. creeveyae, and C. tylotocephalum. The
second comprised the small-bodied, nonlaciniate species C. eschrichti, C. hayhowi, C.
lintoni, C. pellucidum, C. riseri, and C. violae. The large-bodied, nonlaciniate C.
leuckarti grouped as the sister taxon to the small-bodied nonlaciniate clade.
Based on the confirmed identities of the hosts examined in their study, Nasin et al.
(1997) concluded that many, if not all, Calliobothrium species exhibit specificity for a
single species of traikid shark (usually of the genus Mustelus). They noted that this
pattern of host specificity is seen even when 2 or more congeneric host species occur in
sympatry. For example, C. riseri parasitizes only M. henlei, C. evani parasitizes only M.
lunulatus, and C. pellucidum parasitizes only M. californicus, despite the fact that all 3
species of Mustelus occur off the western coast of California and Mexico. Nasin et al.
(1997) predicted that more detailed study of specimens of the small and large
morphotypes reported from several host species (e.g., C. eschrichti, C. leuckarti, C.
lintoni, and C. verticillatum) would likely reveal that each species of Mustelus is host to
its own species of the small-bodied nonlaciniate morphotype and its own species of the
large-bodied laciniate morphotype (Nasin et al. 1997). They further predicted that, based
on the work of Euzet (1959) and Cislo and Caira (1993), in each case, the small
morphotype would attach in the anterior of the spiral intestine and the large morphotype
would attach in the middle of the spiral intestine.
In light of the work of Nasin et al. (1997), Ivanov and Brooks (2002) reexamined
the taxonomic status of the Calliobothrium species reported by Ostrowski de Núñez
(1973) parasitizing M. schmitti off the coast of Uruguay and Argentina. Their work led to
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the description of 2 new species of the small morphotype: Calliobothrium barbarae
Ivanov and Brooks 2002 and Calliobothrium lunae Ivanov and Brooks 2002—bringing
the total number of species of the small morphotype to 9. The latter species was the sixth
species known to possess an accessory piece between the bases of its axial hooks. These
authors also elevated Ostrowski de Núñez’s (1973) subspecies Calliobothrium
verticillatum autralis to species status with the name Calliobothrium australis Ostrowski
de Núñez, 1973 after their detailed examination revealed it to be very distinct from C.
verticillatum. With this work, Ivanov and Brooks (2002) provided additional
corroboration for the prediction of Nasin et al. (1997) that each species of Mustelus
would be found to host at least 1 unique species of Calliobothrium. They also confirmed
the pattern reported by Nasin et al. (1997) that the congeners parasitizing each individual
host species belong to identifiable morphological groups: one that is small-bodied and
nonlaciniate and one that is large-bodied and laciniate. Ivanov and Books (2002)
considered their results to be consistent with the cladistics analysis of Nasin et al. (1997)
that the congeners inhabiting the same host are not each other’s closest relatives.
Furthermore, they noted that even the 2 nonlaciniate species parasitizing M. schmitti were
not each other’s closest relatives, for while C. lunae has an accessory piece between the
bases of its axial hooks, C. barbarae does not.
In 2008, Pickering and Caira described Calliobothrium schneiderae Pickering and
Caira, 2008, the tenth species of the small-bodied morphotype, in this case from newly
collected specimens of Mustelus lenticulatus in New Zealand. In light of their
observations, they reexamined Alexander’s records of Calliobothirum eschrichti, C.
tylotocephalum, and C. verticillatum from Mustelus lenticulatus. After examining 4
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specimens identified as C. eschrichti from Alexander’s personal collection, Pickering and
Caira (2008) concluded that Alexander’s (1963) record of C. eschrichti from M.
lenticulatus in New Zealand was, in fact, the new species C. schneiderae. In doing so,
they eliminated another species from the list of possible hosts of C. eschrichti. Pickering
and Caira (2008) also emphasized that the reports of C. eschrichti, C. leuckarti, C.
lintoni, and C. verticillatum from Mustelus canis by Euzet (1959) were in need of
reexamination, as they too were likely to represent a number of new species of both the
large and small morphotypes based on the pattern of host specificity emerging across the
globe for species of Calliobothrium.
The most recent report of a new species of Calliobothrium was that of
Calliobothrium shirozame Kurashima, Shimizu, Mano, Ogawa, and Fujita, 2014 from
Mustelus griseus off Japan by Kurashima et al. (2014). This large-bodied species exhibits
a laciniation pattern that is unique among Calliobothrium species. Whereas all other
laciniate species of Calliobothrium possess proglottids that begin with 2 laciniations,
which transform to 3, and finally 4, laciniations on their dorsal and ventral surfaces (see
Fig. 1B–E), the proglottids of C. shirozame do not appear to make the final
transformation from 3 to 4 dorsal and ventral laciniations.
In summary, prior to the present study a total of 17 species of Calliobothrium had
been described. Six of these species exhibit the large-bodied, laciniate morphotype (C.
verticillatum, C. nodosum, C. tylotocephalum, C. creeveyae, C. australis, and C.
shirozame) and 10 exhibit the small-bodied, nonlaciniate morphotype. Among the
nonlaciniate species, 6 possess an accessory piece between the bases of their axial hooks
(i.e., C. lintoni, C. pellucidum, C. evani, C. riseri, C. violae, and C. lunae) and 4 lack an
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accessory piece (i.e., C. eschrichti, C. hayhowi, C. barbarae, and C. schneiderae).
Calliobothrium leuckarti, which also lacks an accessory piece, grouped with the other
non-laciniate species in the morphological phylogenetic analysis of Nasin et al. (1997);
however, it is a large-bodied, robust worm, and thus its affinities remain unclear.
Inaccuracy of host identifications has been a major issue throughout the history of
the genus Calliobothrium and continues to be a problem. With 28 recognized species,
Mustelus is one of the most speciose genera of sharks (Froese and Pauly, 2015), and
congeners are notoriously difficult to identify (Compagno, 1988; Serena et al., 2009a;
Ebert and Stehmann, 2013). Diagnostic features for Mustelus species are often internal
(Ebert and Stehmann, 2013), and may, for example, require x-rays to establish vertebral
counts, which makes it very difficult to identify them accurately in field settings.
Rudolphi’s (1819), van Beneden’s (1850), and Euzet’s conflicting (1954; 1959) host
records highlight the issue of proper host identification, which in turn has obstructed host
association data for these cestodes. To aid in the accurate identification of host species,
my thesis work utilized the NADH2 Mustelus specimen barcode data of Naylor et al.
(2012a) to confirm identities of Mustelus species in regions where cryptic congeners are
present (e.g., M. mustelus, M. asterias, and M. punctulatus in the eastern Atlantic; M.
henlei, M. californicus, and M. lunulatus in the eastern Pacific).
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MASTERS THESIS GOALS
There are 6 goals of this thesis. (1) Test the reciprocal monophyly of the 2 clades
of Calliobothrium identified by the morphological phylogenetic analysis of Nasin et al.
(1997) using molecular data. (2) If the mutual monophyly of these clades was supported
by molecular data, to erect a new genus to house species belonging to the small-bodied,
nonlaciniate clade. (3) Emend the diagnosis of Calliobothrium sensu stricto following
removal of the nonlaciniate species and detailed examination of the large, laciniate
specimens from a variety of Mustelus species. (4) To resolve the identity of the host(s) of
the type species of Calliobothrium. (5) To compare the molecular phylogeny generated
for species of Calliobothrium and the new genus with the molecular phylogeny of their
hosts generated by Naylor et al. (2012b) in order to explore patterns in their host
associations. (6) Characterize the site specificity and mode of attachment of these
cestodes.
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CHAPTER 1
Calliobothrium Systematic Revision: Symcallio n. gen.
INTRODUCTION
Ever since the erection of the genus Calliobothrium van Beneden, 1850 over 150
years ago it has been clear that species within the genus have 2 disparate body forms.
Some species have laciniate proglottids, long strobilae, and 3 suckers at the anterior of
each bothridium while other species have non-laciniate proglottids, relatively short
strobilae, and a single sucker at the anterior of each bothridium. All 16 known species of
the genus Calliobothrium parasitize sharks of the family Triakidae, and, with the
exception of C. creeveyae Butler, 1987, specifically species of Mustelus Linck, 1790.
However, collectively these records come from only 10 shark species, for it is common
for 2 species of Calliobothrium to parasitize the spiral intestine of the same host species
(Euzet, 1954; 1959; Nasin et al., 1997; Ivanov and Brooks, 2002). In such cases, 1
species typically is small, non-laciniate, and bears a single sucker at the anterior margin
of each bothridium, while the other is large, laciniate, and bears 3 suckers per bothridium.
The morphological phylogenetic analysis of Nasin et al. (1997) suggested that these 2
morphotypes represent different clades, but this remained to be confirmed using
molecular data. Since that time, concerted effort has been made to collect specimens of
species of both morphotypes preserved for molecular work. The present study was
prompted by the discovery of 2 new species, 1 of each morphotype, parasitizing Mustelus
palumbes Smith, 1957 off the coast of South Africa. In combination with material from
previous collections, these specimens provided the taxon coverage required for molecular
evaluation of the monophyly of the 2 morphologically distinct clades. The validity of
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establishing a new genus for the non-laciniate clade (i.e., the clade that does not include
the type species Calliobothrium verticillatum [Rudolphi, 1819] van Beneden, 1850) was
confirmed. Accordingly, Symcallio n. gen., with S. peteri n. gen., n. sp. as its type, is
erected, and a second new species from M. palumbes, Calliobothrium euzeti n. sp., is
described.

The goals of this chapter are to:
(1) Split the genus Calliobothrium into its 2 morphologically homogenous subgroups by
erecting the new genus Symcallio
(2) Amend and clarify the diagnosis of the genus Calliobothrium

MATERIALS AND METHODS
Collections
Seven specimens of Mustelus palumbes were collected by bottom trawl in the
Indian Ocean off of South Africa (between 33°3.36’S to 36°25.97’S and 21°25.73’E to
26°38.96’E) in April and May 2010 as by-catch from a hake survey conducted by the
Marine and Coastal Management, Department of Agriculture, Forestry and Fisheries,
South Africa on the FRS Africana. Each shark was assigned a unique identification code,
and basic measurements and a series of digital photographs were taken. In addition,
samples of liver tissue were removed and preserved in 95% ethanol to verify host
identifications. These data and images are available using the host collection code and
collection number (e.g., AF-41) at http://elasmobranchs.tapewormdb.uconn.edu (Caira et
al., 2012). The specimens examined are as follows: AF-41 (male 83 cm in total length
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[TL]); AF-51 (female 81 cm TL); AF-120 (male 68 cm TL), AF-121 (male 84 cm TL),
AF-122 (male 76.5 cm TL), AF-168 (female 69 cm TL), and AF-169 (female 67 cm TL).
The spiral intestine was removed from each shark, opened with a midventral incision,
fixed in seawater-buffered formalin (9:1, seawater:full-strength formalin) and later
transferred to 70% ethanol for storage and examination for cestodes. A subset of the
cestodes was preserved in 95% ethanol at the time of collection for molecular analysis.
Shark taxonomy follows Compagno et al. (2005).
Morphological Methods
For light microscopy, worms fixed in formalin were prepared as whole mounts in
Canada balsam using standard protocols (see Pickering and Caira, 2012). In total, 35
specimens of the non-laciniate new species and 22 of the laciniate new species were
prepared and examined as whole mounts. Histological sections of mature proglottids
were prepared for 2 specimens of the non-laciniate new species and 1 specimen of the
laciniate new species as follows. The anterior portion of each worm was removed and
prepared as a whole-mounted voucher. Two to 4 of the posterior-most proglottids were
dehydrated in a graded ethanol series, cleared in xylene, and embedded in a paraffinpolymer blend (TissuePrep, Fisher Scientific, Fair Lawn, New Jersey). Cross sections
were cut at 7 µm intervals using an Olympus Cut 4060 microtome (Olympus
Corporation, Melville, New York). They were attached to glass slides with warm 10%
aqueous sodium silicate, hydrated in a graded ethanol series, stained with Delafield’s
hematoxylin, counterstained with eosin, dehydrated in a graded ethanol series, cleared in
xylene, and mounted in Canada balsam under a coverslip. Temporary mounts of cocoons
were prepared as follows: gravid proglottids were removed from the strobila, placed in a
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1:1 mixture of lactophenol and 100% ethanol (see Meyer and Olson, 1975; Nasin et al.,
1997) and stored in an open container in a fume hood for 2–3 days to clear. The
proglottids were then broken open with fine needles and mounted in lactophenol on glass
slides under coverslips.
Measurements were taken with a Zeiss Axioskop 2 Plus microscope (Zeiss,
Thornwood, New York) using SPOT Diagnostic Instrument Digital Camera Systems and
SPOT software (version 4.6) (SPOT Imaging Solutions, Sterling Heights, Michigan) and
are given in micrometers unless otherwise noted. Photographs of cocoons were taken
with this same system. Measurements are presented as the range, followed in parentheses
by the mean, standard deviation, number of cestodes measured, and total number of
observations when more than 1 measurement per specimen was made. Hook terminology
and hook measurements follow Caira (1985) and are illustrated in Figure 1A. For the
large laciniate species, only the 2 terminal-most mature proglottids were measured.
Laciniations were not included in the proglottid length and width measurements; instead
the lateral laciniations were measured separately as follows (Fig. 1B, E): width was
measured at the widest point of the laciniation, length was measured with a line
extending from the midpoint of the base of the laciniation to the distal tip. Laciniation
measurements for immature proglottids were taken on the third proglottid. Microthrix
terminology follows Chervy (2009).
Six scoleces and proglottids of a seventh specimen of the non-laciniate new
species were examined using scanning electron microscopy (SEM). Three scoleces and
portions of the strobilae, plus portions of the strobila of a fourth specimen of the laciniate
new species, were also examined with SEM. In each case, the portion of the worm not
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used for SEM was mounted as a whole mount voucher as described above. Specimens for
SEM were prepared as follows: they were hydrated in a graded ethanol series, placed in
osmium tetroxide overnight, dehydrated in a graded ethanol series, placed in
hexamethyldisilazane (Ted Pella Inc., Redding, California), and allowed to air dry in a
fume hood. They were subsequently mounted on aluminum stubs using double-sided
PELCO carbon tabs (Ted Pella Inc., Redding, California), sputter coated with 30 nm of
gold/palladium, and examined with a FEI Nova NanoSEM 450. The stubs were retained
in the personal collection of J. N. Caira.
Museum abbreviations used are as follows: LRP, Lawrence R. Penner
Parasitology Collection, Department of Ecology and Evolutionary Biology, University of
Connecticut, Storrs, Connecticut, USA; SAMTCA, South African Museum Cape Town
Invertebrate Collection, Cape Town, South Africa; USNM, National Museum of Natural
History, Smithsonian Institution, Washington D.C., USA.
Molecular Methods
Total genomic DNA was extracted from the strobila of specimens preserved in
95% ethanol using a MasterPureTM DNA Purification Kit (Epicentre Technologies,
Madison, Wisconsin) following the manufacturer’s instructions. The D1-D3 region of the
28S rDNA locus was selected based on its previously established utility in resolving
interspecific phylogenetic relationships in other cestodes (e.g., Zehnder and Mariaux,
1999; Olson et al., 2001; Waeschenbach et al., 2007; Jensen and Bullard, 2010; Caira et
al., 2014). For amplification, LSU5 (Littlewood et al., 2000) was used as the forward
primer and 1500R (Tkach et al., 2003) as the reverse primer. For sequencing reactions,
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LSU5 was used as the forward primer and 1200R (Lockyer et al., 2003) as the reverse
primer.
In all cases, 28S rDNA (D1-D3) sequence data were generated from vouchered
hologenophores. Vouchers of hologenophores were prepared as whole mounts on glass
slides as described above. These consisted of 2 specimens of C. australis Ostrowski de
Nuñez, 1973 from M. schmitti Springer, 1939 in Argentina; 1 specimen of C. barbarae
Ivanov and Brooks, 2002 from M. schmitti in Argentina; 2 specimens of C. riseri Nasin,
Caira, and Euzet, 1997 from M. henlei Gill, 1863 in the Pacific Ocean off of Costa Rica
(host No. CRP-1); 1 specimen of C. cf. verticillatum from M. canis (Mitchell, 1815) in
Long Island Sound (host No. EM-3); 5 specimens of the small, non-laciniate new species
from Mustelus palumbes (host Nos. AF-41, AF-120, and AF-168); and 4 specimens of
the large, laciniate new species also from M. palumbes (host Nos. AF-41 and AF-51).
PCR and cycle sequencing protocols followed Pickering and Caira (2013). Sequences
were generated on an ABI PRISM® 3130 Genetic Analyzer (Applied Biosystems, Foster
City, California). Comparable sequence data from additional specimens were taken from
GenBank and are shown in Table 1 with GenBank and LRP voucher numbers, and host
information.
The ingroup taxa consisted of 17 specimens of a total of 7 species; the outgroup
taxa consisted of 17 species (Table 1). Sequences were assembled, aligned (using
MUSCLE with default settings), and trimmed using Geneious Pro 5.6.4 (Drummond et
al., 2012). Percent identity among sequences was also observed using the latter program.
The number of parsimony informative characters was determined using PAUP* v.
4.0a134 (Swofford, 2003). GTR + I + Γ was determined to be the appropriate model of
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nucleotide evolution for all analyses using the Akaike Information Criterion (AIC) and
Bayesian Information Criterion (BIC) implemented in PartitionFinder v1.1.1 (Lanfear et
al., 2012). Phylogenetic analyses were performed using Mr. Bayes v3.2.1 (Ronquist et al.,
2012) for Bayesian inference (BI) and GARLI 2.0 (Zwickl, 2006) for maximum
likelihood (ML). The BI analyses were performed using 2 independent Markov chain
Monte Carlo (MCMC) runs, each comprising 4 chains (1 cold, 3 heated), and a random
starting tree. Each was run for 1,100,000 generations, with the default 25% generations
(i.e., 275,000) as burn-in, sampling every 1,100 generations. After burn-in, the remaining
samples from the 2 runs were combined to estimate the topology, posterior probabilities
(PP), and branch lengths. The ML analysis was implemented using GTR + I + Γ and
otherwise default parameter settings of GARLI 2.0. Bootstrap (BS) values were
calculated based on 100 replicates. BI and ML analyses were done on the Bioinformatics
Cluster through the Biotechnology and Bioservices Center at the University of
Connecticut.
RESULTS
Symcallio n. gen.
Diagnosis: Scolex consisting of scolex proper and cephalic peduncle. Scolex proper
with 4 bothridia; each bothridium divided into 3 loculi by 2 transverse septa, with
anterior muscular pad bearing 1 sucker, and 2 pairs of articulated, unipronged hooks;
accessory piece between bases of axial hooks present or absent. Proglottids acraspedote
or craspedote, non-laciniate. Genital pores lateral, irregularly alternating. Testes
numerous, anterior to ovary, in 2 columns, 1 row deep in cross section; post-poral field of
testes present. Ovary posterior, H-shaped in frontal view, bilobed in cross section. Vagina
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opening anterior to cirrus sac into genital atrium. Vitellarium follicular; follicles in 2
lateral bands; each band consisting of single column of follicles. Uterus saccate,
medioventral, extending to near anterior margin of proglottid in mature proglottids. Eggs
grouped in cocoons or housed individually in compartments in uterine wall. Parasites of
Mustelus (Carcharhiniformes: Triakidae); cosmopolitan.
Type species: Symcallio peteri n. sp.
Additional species: S. barbarae (Ivanov and Brooks, 2002) n. comb., S. eschrichti (van
Beneden, 1850) n. comb., S. evani (Caira, 1985) n. comb., S. hayhowi (Nasin, Caira, and
Euzet, 1997) n. comb., S. leuckarti (van Beneden, 1850) n. comb., S. lintoni (Euzet,
1954) n. comb., S. lunae (Ivanov and Brooks, 2002) n. comb., S. pellucidum (Riser, 1955)
n. comb., S. riseri (Nasin, Caira, and Euzet, 1997) n. comb., S. schneiderae (Pickering
and Caira, 2008) n. comb., and S. violae (Nasin, Caira, and Euzet, 1997) n. comb.
Etymology: From the Greek “sym” meaning together, referring to the common
coinfection of Mustelus species by species of this genus and species of Calliobothrium.
The genus name is treated as neuter.
Remarks
In their revision of the classification of the elasmobranch-hosted genera, Caira et
al. (2014) retained C. cf. verticillatum and C. violae (now S. violae) in the nonmonophyletic “Tetraphyllidea.” Symcallio n. gen. is easily distinguished from 13 of the
21 genera retained in the “Tetraphyllidea” (sensu Caira et al., 2014) in its possession of
hooks. Among the 8 hooked genera retained in the “Tetraphyllidea,” Symcallio n. gen.
can be distinguished from Balanobothrium Hornell, 1911, Pachybothrium Baer and
Euzet, 1962, Pedibothrium Linton, 1908, Spiniloculus Southwell, 1925, and Yorkeria
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Southwell, 1927 in possessing 2 pairs of hooks per bothridium, rather than a single pair
of unipronged or bipronged hooks. With respect to the 3 other genera with 2 pairs of
hooks per bothridium, Symcallio n. gen. differs from Biloculuncus Nasin, Caira, and
Euzet 1997 and Erudituncus Healy, Scholz, and Caira 2001 in possessing of 3, rather
than 2, loculi per bothridium. Symcallio n. gen. is most similar to Calliobothrium but
differs from it in its lack of laciniations at the posterior margin of proglottids, its ovary
shape in cross section (bilobed vs. tetralobed), its possession of fewer testes (60 or fewer
versus 110 or more) that are arranged in only 2, rather than many, columns and that are
only 1 (versus multiple) rows deep in cross section. With the exception of C.
tylotocephalum Alexander, 1963, the genera also differ in that while Calliobothrium
species possess 3 suckers per bothridium, Symcallio n. gen. species possess only a single
sucker on each bothridium.
Symcallio peteri n. gen., n. sp.
(Figs. 2–4, 5A, 6A)
Description (based on 36 gravid worms and 2 gravid proglottids: 27 whole
mounts, 7 observed with SEM, 2 prepared as cross sections, cocoons from 2 proglottids
prepared as temporary mounts): Worms apolytic, 2.2–5.5 (3.2 ± 0.8; 27) mm long;
greatest width 205–358 (270 ± 39; 27) generally at posterior of bothridia; 6–12 (9 ± 1;
27) proglottids per worm. Scolex consisting of scolex proper and cephalic peduncle;
scolex proper 346–545 (415 ± 45; 27) long by 204–342 (269 ± 39; 24) wide; cephalic
peduncle 347–953 (529 ± 169; 27) long by 93–190 (155 ± 25; 27) wide. Bothridia 4 in
number, 322–545 (406 ± 46; 27; 82) long by 83–184 (136 ± 23; 27; 73) wide; with
anterior muscular pad bearing single apical sucker, 2 pairs of articulated, unipronged
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hooks, and post-hook region subdivided into 3 loculi; anterior loculus 189–345 (240 ±
33; 27; 78) long; middle loculus 40–78 (57 ± 9; 27; 78) long; posterior loculus 35–89 (58
± 12.2; 27; 77) long; muscular pad 25–83 (53 ± 12.9; 27; 66) long by 79–150 (116 ± 13;
27; 50) wide.
Hooks hollow, completely covered by thin layer of tissue (Fig. 3A). Axial hooks
conspicuously more recurved than abaxial hooks (Fig. 2D). Accessory piece between
axial hook bases absent. Medial axial hooks slightly more recurved than lateral axial
hooks; lateral axial hook measurements: A: 57–96 (72 ± 7; 24; 28); B: 69–115 (104 ± 10;
24; 28); C: 29–55 (45 ± 8; 24; 28); medial axial hook measurements: A’: 43–116 (71 ±
15; 25; 28); B’: 61–126 (102 ± 12; 25; 28); C’: 29–57 (47 ± 8; 25; 28). Lateral and
medial abaxial hooks of similar size and shape, with inconspicuous tubercle; lateral
abaxial hook measurements: D: 133–169 (147 ± 8; 24; 27); E: 92–119 (105 ± 7; 24; 27);
F: 38–62 (47 ± 5; 24; 27); medial abaxial hook measurements: D’: 122–166 (146 ± 12;
23; 27); E’: 90–126 (109 ± 10; 23; 27); F’: 34–53 (45 ± 5; 23; 27).
Distal surfaces of bothridia covered with papilliform filitriches interspersed
among small gladiate spinitriches (Fig. 3D). Proximal surfaces of bothridia densely
covered with larger gladiate spinitriches interspersed with papilliform filitriches (Fig.
3E). Apex of scolex covered with papilliform filitriches only. Proximal surfaces of
muscular pad covered with gladiate spinitriches; filitriches not seen (Fig. 3C). Cephalic
peduncle densely covered with gladiate spinitriches; filitriches not observed (Fig. 3F).
Proglottids craspedote. Immature proglottids 4–7 (5 ± 0.8; 27) in number. Mature
proglottids 0–2 (1 ± 0.6; 27) in number, 230–439 (312 ± 61; 26; 36) long by 180–258
(211 ± 20; 26; 36) wide, length:width ratio 1.1–2.4:1 (1.5 ± 0.3; 26; 36). Gravid
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proglottids 1–4 (2 ± 0.6; 27) in number, 263–1,040 (594 ± 190; 27; 55) long by 119–294
(234 ± 31; 27; 55) wide, length:width ratio 1.3–4.4:1 (2.6 ± 0.8; 27; 55). Post-gravid
proglottids 0–2 (0.4 ± 1.4; 27) in number. Testes 11–16 (13 ± 1; 26; 36) in total number,
17–45 (30 ± 6; 26; 107) long by 35–86 (64 ± 10; 26; 107) wide, arranged in 2 columns, 1
row deep in cross section (Fig. 4A), extending from ovary to near anterior margin of
proglottid; post-poral testis 1 (1 ± 0; 26; 36) in number. Cirrus sac pyriform, 78–102 (90
± 6.6; 26; 36) long by 29–66 (48 ± 8; 26; 36) wide, containing coiled cirrus; cirrus with
spinitriches.
Ovary compact, H-shaped in frontal view, bilobed in cross section (Fig. 4B),
located at posterior end of proglottid, 61–171 (109 ± 32; 26; 34) long by 116–194 (158 ±
20; 26; 34) wide. Vitellarium follicular; vitelline follicles in 2 lateral bands, each band 1
follicle deep in cross section (Fig. 4A), extending from posterior margin of anterior-most
testes to anterior margin of ovary, interrupted by cirrus sac. Genital pores lateral,
irregularly alternating, 36–50% (43 ± 3; 26; 38) from posterior end of proglottid. Vagina
opening into genital atrium anterior to cirrus sac, no spinitriches visible in lumen of
vagina. Uterus saccate, extending along midline throughout entire length of proglottid.
Eggs spherical, 15–19 (17 ± 1; 2; 30) in diameter, packaged in cocoons in groups of 12–
19 (15 ± 2; 4; 51); cocoons oval (Fig. 5A), 72–114 (93 ± 13; 2; 25) long by 29–61 (45 ±
8; 2; 25) wide. Excretory ducts arranged in 2 lateral pairs.
Taxonomic summary
Type and only known host: Mustelus palumbes Smith, 1957, whitespot smoothhound
(Carcharhiniformes: Triakidae).
Site of infection: Spiral intestine; chambers 1–3 of 9.
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Type locality: Indian Ocean, South Africa (34°10.27'S, 26°38.96'E).
Prevalence: 7 of 7 host individuals examined (100%).
Etymology: This species is named in honor of Peter Bernot, the first author’s father, for
instilling curiosity and a love of nature in his children.
Specimens deposited: Holotype (SAMCTA No. 61827); 6 paratypes (SAMCTA Nos.
61828–61833); 11 paratypes (USNM Nos. 1263701–1263711); 9 paratypes (LRP Nos.
8558–8566), strobilar vouchers of 7 paratypes examined with SEM (LRP Nos. 8567–
8573), serial cross sections of 2 paratypes and their scolex vouchers (LRP Nos. 8582–
8606), scolex and strobilar vouchers of 3 paratypes from cocoon preparations (LRP Nos.
8574–8576), vouchers of 5 hologenophores (LRP Nos. 8577–8581). Specimens examined
with SEM retained in J. N. Caira’s personal collection.
Remarks
Symcallio peteri n. sp. is easily distinguished from S. evani, S. lintoni, S. lunae, S.
pellucidum, and S. riseri in its lack of an accessory piece between the bases of the axial
hooks. It differs from S. schneiderae in its possession of vitellaria posterior to the cirrus
sac on the poral side (absent posterior to cirrus sac in S. schneiderae), and its possession
of an inconspicuous tubercle on the base of the abaxial hooks, while S. schneiderae has a
conspicuous oblong tubercle. The new species differs from S. barbarae in its possession
of vitellaria that are interrupted, rather than not interrupted, by the cirrus sac on the poral
side. The 2 species also differ in their proglottid development. Whereas proglottids of the
new species are retained on the strobila after cocoons are released, those of S. barbarae
are dropped from the strobila when gravid. In addition, no spinitriches are present on
distal surfaces of the bothridia of S. barbarae while there are numerous gladiate

27

spinitriches on the distal bothridial surfaces of the new species. Symcallio peteri n. sp.
differs from S. leuckarti in its possession of mature proglottids that are much longer than
they are wide, rather than wider than long as redescribed by Euzet (1959), and in its
possession of fewer testes (11–16 vs. 40–60). The new species differs conspicuously
from S. hayhowi in that its eggs are packaged in cocoons, rather than in individual
compartments of the uterine wall. Symcallio peteri n. sp. most closely resembles S.
eschrichti. However, S. peteri n. sp. possesses an inconspicuous tubercle on the base of
the abaxial hooks while S. eschrichti possesses a robust rectangular tubercle on the base
of the abaxial hooks. The 2 species also differ in that S. peteri n. sp. possesses gladiate
spinitriches on the proximal surfaces of the muscular pad, whereas S. eschrichti lacks
spinitriches in this region. In addition, while proglottids are retained on the strobila of the
new species after cocoons are released, proglottids of S. eschrichti are dropped from the
strobila when mature.
Calliobothrium van Beneden, 1850 emend.
Diagnosis: Scolex consisting of scolex proper and short cephalic peduncle. Scolex
proper with 4 bothridia; each bothridium divided into 3 loculi by 2 transverse septa, with
anterior muscular pad bearing 3, or rarely 1, sucker, and 2 pairs of articulated, unipronged
hooks; accessory piece between bases of axial hooks absent. Proglottids craspedote,
laciniate. Genital pores lateral, irregularly alternating. Testes numerous, in multiple
irregular columns, multiple rows deep in cross section, extending to anterior of ovary;
post-poral field of testes present. Ovary posterior, H-shaped in frontal view, tetralobed in
cross section. Vagina opening anterior to cirrus sac into genital atrium. Vitellarium
follicular, follicles in 2 lateral bands; each band consisting of multiple columns of
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follicles. Uterus saccate, medioventral, extending to near anterior margin of proglottids.
Eggs grouped in cocoons. Parasites of Mustelus (Carcharhiniformes: Triakidae);
cosmopolitan.
Type species: Calliobothrium verticillatum (Rudolphi, 1819) van Beneden, 1850.
Additional species: C. australis Ostrowski de Nuñez, 1973, C. creeveyae Butler, 1987, C.
nodosum Yoshida, 1917, and C. tylotocephalum.
Remarks
Calliobothrium was established by van Beneden in 1850 and revised most
recently by Nasin et al. (1997). The erection of Symcallio and the transfer of 11 species
originally assigned to Calliobothrium reduces the membership of the latter genus to the
following 5 species, which like the type of the genus, bear laciniate proglottids:
Calliobothrium verticillatum (Rudolphi, 1819) van Beneden, 1850, C. australis
Ostrowski de Nuñez, 1973, C. creeveyae Butler, 1987, C. nodosum Yoshida, 1917, and
C. tylotocephalum Alexander, 1963. The most recent diagnosis of the genus
Calliobothrium (see Nasin et al., 1997) is revised above to reflect these changes.
Calliobothrium is easily distinguished from Symcallio in that the former bear
laciniate, rather than non-laciniate, proglottids, testes in multiple irregular columns rather
than 2 columns, testes multiple rows deep in cross section vs. a single row deep, and with
the exception of C. tylotocephalum, bothridia with 3 suckers, rather than 1. In addition,
we predict all species of Calliobothrium possess a tetralobed ovary. Ivanov and Brook’s
(2002) description of C. australis, suggests this species has a bilobed ovary; however,
due to the highly branched nature of the digitiform ovary of this species, it can be
difficult to see the tetralobed structure of the ovary in cross section and it would be
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interesting to examine additional cross sections of C. australis in the context of our
findings.
Calliobothrium euzeti n. sp.
(Figs. 5B, C, 6B, 7–9)
Description (based on 22 mature worms and 8 free proglottids: 19 whole mounts,
4 observed with SEM, 1 prepared as cross sections; 5 mounts of free proglottids, cocoons
from 3 proglottids prepared as temporary mounts): Worms euapolytic, 33.5–60 (47 ± 7;
19) mm long; greatest width 360–894 (535 ± 124; 32) at midlevel of mature proglottids;
373–488 (440 ± 33; 19) proglottids per worm (Fig. 6B). Scolex consisting of scolex
proper and cephalic peduncle; scolex proper 256–356 (299 ± 45; 18) long by 163–188
(178 ± 8; 8) wide, with dome-shaped apex; cephalic peduncle 68–94 (80 ± 8; 18) long by
104–140 (123 ± 10; 15) wide. Bothridia 4 in number, 218–325 (282 ± 21; 18; 48) long by
75–104 (87 ± 8; 18; 38) wide; each with anterior muscular pad bearing 3 apical suckers, 2
pairs of articulated, unipronged hooks, and a post-hook region subdivided into 3 loculi;
anterior loculus 112–165 (143 ± 11; 18; 46) long; middle loculus 35–56 (48 ± 4; 18; 46)
long; posterior loculus 42–69 (59 ± 7; 18; 46) long; muscular pad 25–46 (34 ± 4; 17; 41)
long by 68–97 (85 ± 7; 17; 28) wide.
Hooks hollow, completely covered by thin layer of tissue (Fig. 8A). Axial hooks
slightly more recurved than abaxial hooks (Fig. 7C). Accessory piece between bases of
axial hooks absent. Both medial hooks slightly more recurved than both lateral hooks;
lateral axial hook measurements: A: 42–57 (49 ± 3; 17; 26); B: 70–93 (82 ± 5; 17; 26); C:
29–37 (34 ± 2; 17; 26); medial axial hook measurements: A’: 32–60 (43 ± 6; 17; 27); B’:
61–88 (74 ± 7; 17; 27); C’: 25–38 (32 ± 3; 17; 27) (Fig. 1A). Lateral abaxial hook
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measurements: D: 77–93 (85 ± 5; 17; 26); E: 48–63 (56 ± 4; 17; 26); F: 24–34 (29 ± 3;
17; 26); medial abaxial hook measurements: D’: 70–91 (78 ± 6; 17; 27); E’: 43–61 (52 ±
5; 17; 27); F’: 22–31 (26 ± 2; 17; 27). Abaxial hooks articulate with axial hooks by
means of 1 anterior and 1 posterior rounded tubercle on proximal side of axial hook base.
Distal surfaces of bothridia covered with papilliform filitriches interspersed with a
few small gladiate spinitriches (Fig. 8G). Proximal surfaces of bothridia densely covered
with gladiate spinitriches interspersed with acicular filitriches (Fig. 8F). Apex of scolex
and proximal surface of muscular pads covered with capilliform filitriches (Fig. 8B).
Gladiate spinitriches present in patches on laciniations of youngest proglottids (Fig. 8D,
E); patches expanding to cover entire surface of lateral laciniations as proglottids mature
(Fig. 8I). Cephalic peduncle with spinitriches.
Proglottids craspedote, laciniate. Laciniation pattern varying along length of
strobila (Figs. 1B–E, 6B). Anterior-most immature proglottids with 2 dorsal and 2 ventral
laciniations (Fig. 1B); laciniations 16–29 (23 ± 4; 15) long by 27–34 (30 ± 2; 15) wide;
12–24% (17.2% ± 3.8; 11) of proglottids along strobila with this pattern. More posterior
immature proglottids with 3 dorsal and 3 ventral laciniations (Fig. 1C), 18–25% (21.2% ±
3; 11) of proglottids with this pattern. Further posterior immature proglottids with 4
dorsal and 4 ventral laciniations (Fig. 1D), 39–54% (45.4% ± 4.9; 11) of proglottids with
this pattern. Mature proglottids with 2 dorsal and 2 ventral laciniations (Fig. 1E);
laciniations 117–286 (208 ± 44; 15; 30) long by 167–354 (268 ± 48; 15; 30) wide; 12–
20% (16.2% ± 2.5; 11) of proglottids with this pattern. Free gravid proglottids with 2
dorsal and 2 ventral laciniations; laciniations 218–345 (291 ± 48; 5) long by 417–546
(499 ± 51; 5) wide.
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Immature proglottids 362–472 (426 ± 32; 27) in number. Mature proglottids 4–
10 (6 ± 2; 16) in number, 751–2,014 (1399 ± 352; 16; 32) long by 360–894 (535 ± 124;
16; 32) wide, length:width ratio 1.1–5:1 (2.8 ± 1.1; 16; 32). Testes in multiple irregular
columns, columns extending from anterior margin of proglottid to anterior digits of
ovary, multiple rows deep in cross section (Fig. 9A), at least 85–168 (119 ± 24; 14; 27) in
total number; post-poral testes 22–49 (34 ± 8; 14; 27) in number, varying greatly in
shape, 31–89 (60 ± 12; 15; 29) long by 25–71 (45 ± 11; 15; 29) wide. Cirrus sac
pyriform, 70–129 (90 ± 13; 16; 32) long by 72–116 (87 ± 8; 16; 32) wide, containing
coiled cirrus; cirrus armed with spinitriches. Vas deferens highly coiled; coils extending
well anterior to cirrus sac to near anterior margin of proglottid.
Ovary digitiform, H-shaped in frontal view, tetralobed in cross section (Fig. 9B),
located at posterior end of proglottid, 204–970 (598 ± 192; 16; 32) long by 240–745 (422
± 121; 16; 32) wide, widest at bridge or posterior margin. Vitellarium follicular; vitelline
follicles in 2 lateral bands; each band consisting of multiple columns (Fig. 9A, B),
extending from anterior of proglottid to midlevel of ovary, uninterrupted by cirrus sac.
Genital pores lateral, irregularly alternating, 62–79% (69 ± 4; 16; 32) from posterior end
of proglottid. Vagina opening into genital atrium anterior to cirrus sac, distal portion of
vagina surrounded by extensive series of large glandular cells, no spinitriches visible in
lumen of vagina. Uterus saccate, extending along midline from near anterior proglottid
margin to ovarian bridge (Fig. 7F). Excretory ducts arranged in 2 lateral pairs.
Free proglottids 2,456–5,514 (3,847 ± 1,398; 5) long by 889–1,495 (1,151 ± 258;
5) wide, length to width ratio 2.8–4.1:1 (3.3 ± 0.6; 5). Genital pores 59–73% (68 ± 6; 5)
from posterior of proglottid. Uterus opening via 1 anterior and 1 posterior circular
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dihisence. Eggs spherical, 10–21 (17 ± 3; 45) in diameter, packaged in cocoons in groups
of at least 9–19 (11 ± 2; 31) eggs; cocoons ovoid with eggs in several rows (Fig. 5B, C),
64–123 (91 ± 15; 17) long by 29–42 (33 ± 4; 17) wide, or in form of elongate cylinders
with single column of eggs (Fig. 5C) 130–230 (192 ± 32; 13) long by 15–24 (21 ± 3; 13)
wide.
Taxonomic summary
Type and only known host: Mustelus palumbes Smith, 1957, whitespot smoothhound
(Carcharhiniformes: Triakidae).
Site of infection: Spiral intestine; chambers 2–6 of 9.
Type locality: Indian Ocean, South Africa (34°10.27'S, 26°38.96'E).
Prevalence: 6 of 7 host individuals examined (86%).
Etymology: This species is named in honor of Professor Louis Euzet for his lifelong work
studying and classifying tapeworms of elasmobranchs.
Specimens deposited: Holotype (SAMCTA No. 61834); 4 paratypes and 1 free proglottid
(SAMCTA Nos. 61835–61838); 9 paratypes and 3 free proglottids (USNM Nos.
1263712–1263721); 5 paratypes and 1 free proglottid (LRP Nos. 8610–8615), strobilar
vouchers of 4 paratypes examined with SEM (LRP Nos. 8646–8649), serial cross
sections of 1 paratype and its scolex voucher (LRP Nos. 8616–8645), vouchers of 4
hologenophores (LRP Nos. 8650–8653). Specimens examined with SEM retained in J. N.
Caira’s personal collection.
Remarks
Calliobothrium euzeti n. sp. is easily distinguished from C. tylotocephalum in its
possession of a substantially smaller scolex proper (163–188 vs. 1,040–1,617 wide), 3
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apical suckers per bothridium rather than 1, and hooks that are elongate and slender,
rather than short and robust (see Alexander, 1963). Calliobothrium euzeti n. sp. differs
from C. creeveyae in possessing posterior bothridial margins that are intact, rather than
divided into 3 lobes. The new species differs from C. nodosum in its much smaller
bothridia (218–325 vs. 1,100 long; 75–104 vs. 600 wide). Furthermore, C. euzeti n. sp. is
euapolytic whereas C. nodosum is apolytic. Calliobothrium euzeti n. sp. differs from C.
verticillatum sensu Euzet (1959) in its shorter total length (33.5–60 vs. 80–120 mm) and
its possession of a scolex proper that is shorter (256–356 vs. 400–450) and narrower
(163–188 vs. 300–350). Calliobothrium euzeti n. sp. most closely resembles C. australis
but differs in possessing narrower terminal proglottids (393–777 vs. 1,000–1,920), a
greater total number of proglottids (373–488 vs. 250–310), and large gland cells that
surround the vagina that are much more extensive than those seen in the latter species.
Phylogenetic Results
Replicate specimens of the following species were identical in 28S rDNA
sequence: C. cf. verticillatum (2 specimens), S. riseri (2 specimens), S. peteri (5
specimens) and C. euzeti (3 of 4 specimens). One specimen of C. euzeti differed from the
others at one site; the 2 specimens of C. australis differed by 4 base pairs (bp). The
alignment of all 34 sequences was 1,333 bp in length and included 374 parsimony
informative characters; 124 characters were parsimony informative among ingroup
(Calliobothrium and Symcallio) taxa.
The trees resulting from the BI and ML analyses were congruent in topology with
respect to relationships among the ingroup taxa. The BI tree is shown in Figure 10 with
nodal support as PP written as a percentage above the branches and BS resampling
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percentages from the ML analysis below the branches. The 3 species of Calliobothrium
formed a monophyletic group with both PP and BS values of 100%; the 4 Symcallio
species formed a clade with a PP of 94% and BS support of 70%. Within Symcallio, 2
groups were consistently recovered with PP and BS values of 100%: a clade consisting of
S. violae and S. riseri, and another consisting of S. barbarae and S. peteri.
DISCUSSION
The molecular phylogenetic analyses conducted here support the results of the
morphological phylogenetic analysis of Nasin et al. (1997) regarding the existence of 2
distinct clades of Calliobothrium sensu lato: 1 consisting of the small, non-laciniate
species and the other consisting of the large, laciniate species. In combination, these
results support erection of the new genus Symcallio for the clade of small, non-laciniate
species, retaining use of the name Calliobothrium, with C. verticillatum as its type
species, for the clade of large, laciniate species. In the analyses of Caira et al. (2014) that
included most of the acetabulate cestode genera that parasitize elasmobranchs, 14 of
which possess hooks, Symcallio violae (as Calliobothrium violae) and Calliobothrium cf.
verticillatum grouped as sister taxa with high support. Our analyses expanded on that
taxon sampling to include 4 species in the former clade and 3 in the latter clade, and the
sister taxon relationship between Calliobothrium and Symcallio is supported in the
context of expanded taxon coverage.
Caira et al. (2014) found a considerable amount of phylogenetic instability among
analyses in the position of Symcallio violae (as Calliobothrium violae) and
Calliobothrium cf. verticillatum with respect to other genera. Our results are similarly
ambiguous: Trilocularia gracilis + Crossobothrium laciniatum grouped as sister to
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Calliobothrium + Symcallio with high support in the tree resulting from the BI analysis
(100% PP) but with low support in the tree resulting from the ML analysis (55% BS). As
a consequence, the affinities among the other “tetraphyllidean” genera (sensu Caira et al.,
2014) remain unclear; our results support the decision of Caira et al. (2014) to retain
these taxa in the “Tetraphyllidea” until more definitive evidence of their relationships to
other taxa can be obtained. It is of note that, like Caira et al. (2014), we found
Calliobothrium cf. verticillatum and Symcallio violae and their relatives never clustered
with other hooked genera, suggesting convergent evolution of bothridial hooks in these
sister taxa relative to other hooked elasmobranch cestodes. This is supported by the
amino acid profiles of cestode hooks presented by Caira and Jensen (2014) that showed
similar amino acid profiles in Calliobothrium cf. verticillatum and Symcallio violae (as
Calliobothrium violae) that differed substantially from those of other cestode groups.
This notion is further supported by the peculiar nature of the bothridial armature seen in
Calliobothrium and Symcallio that consists of 2 pairs, rather than a single pair, of hooks
per bothridium. Although Biloculuncus and Erudituncus have yet to be included in any
molecular study, we concur with Caira et al. (2014) that these genera will likely be found
to be closely related to Calliobothrium and Symcallio based on their possession of
multiple pairs of hooks per bothridium and their association with triakid sharks.
The results of our analyses also provide evidence to support the predictions of
Nasin et al. (1997) and Ivanov and Brooks (2002) that taxa with and taxa without
accessory pieces constitute distinct subclades within Symcallio. In our analyses the
species with accessory pieces (S. riseri and S. violae) constituted a highly supported
clade, as did the species that lack an accessory piece (S. barbarae and S. peteri).
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However, the robustness of this observation remains to be tested with the other species of
Symcallio, 4 of which bear an accessory piece and 4 of which do not.
Oioxenous host specificity (sensu Euzet and Combes, 1980) is a well-documented
phenomenon in species now assigned to Symcallio and has led to the prediction that all
species of Mustelus will ultimately be found to host 1 or more of their own unique
species (Nasin et al., 1997; Ivanov and Brooks, 2002; Pickering and Caira, 2008). In at
least 1 instance, 2 species of Symcallio were found to parasitize a single host species: S.
lunae and S. barbarae in Mustelus schmitti. Indeed, the 11 species known prior to this
work for which host identities have been definitively confirmed have each been reported
from only a single species of Mustelus. Thus, the discovery of a new species parasitizing
Mustelus palumbes, which had not previously been examined for cestodes, was not
unexpected. As it stands, Symcallio now houses 12 species that collectively parasitize 10
species of Mustelus.
The taxonomy, diversity, and host associations of species of Calliobothrium sensu
stricto are less well understood. Existing records of the type species, Calliobothrium
verticillatum, suggest a much more relaxed degree of host specificity. Beyond its original
description, this species has been reported from M. mustelus (L., 1758) by Euzet (1959),
M. lenticulatus Phillips, 1932 by Alexander (1963), M. schmitti (as C. verticillatum
australis Ostrowski et Nuñez, 1973) by Ostrowski de Nuñez (1973), M. canis by Cislo
and Caira (1993), and M. manazo Bleeker, 1855 by Yamaguchi et al. (2003). However,
detailed studies are beginning to question some of these records. In recognition of the
distinctive morphology of the subspecies parasitizing M. schmitti, Ivanov and Brooks
(2002) elevated this taxon to species status as C. australis. The species from M. canis,
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identified as Calliobothrium cf. verticillatum by Caira et al. (2014) is molecularly distinct
from the 2 other species included in our analyses (i.e., C. australis and C. euzeti). In
morphology, it most closely resembles C. verticillatum, but differs from that species as
redescribed by Euzet (1959) in a number of important respects including laciniation
pattern and number of proglottids. Study of additional specimens is likely to reveal that it
too represents a distinct species. The specimens reported from M. lenticulatus and M.
manazo should also be examined in more detail. As noted by Pickering and Caira (2008),
Yamaguchi et al. (2003) did not follow the recommendation of J. N. Caira and C. J.
Healy, who assisted with the identification of cestodes from M. manazo, that the
specimens from the latter host differed sufficiently morphologically from C. verticillatum
to justify use of the “cf.” designation. We reiterate the prediction of Nasin et al. (1997; pg
732) that each species of Mustelus likely hosts its own species of their “large-bodied
clade”, recognized here as Calliobothrium sensu stricto.
If the predictions concerning the host specificity of species of Symcallio and
Calliobothrium sensu stricto are correct, many new species in both genera remain to be
discovered following examination of additional triakid sharks, for only 10 of the 28
recognized species of Mustelus (Froese and Pauly, 2014) have been examined for
cestodes. If each species hosts even only a single member of each genus, a total of 36
species in these genera remain to be discovered.
Euzet (1959) was the first to show that non-laciniate and laciniate species differ in
their attachment sites along the length of the spiral intestine with the former attaching
near the anterior and the latter concentrated around the middle chambers of the organ.
Cislo and Caira (1993) found a similar pattern in M. canis, with S. violae (as C. lintoni)
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attaching in the 3 anterior-most chambers and C. cf. verticillatum (as C. verticillatum)
normally distributed around the central chambers of the spiral intestine. This pattern was
also seen by Ivanov and Brooks (2002) in M. schmitti. When interpreted in light of the
taxonomic revisions suggested here, this work indicates that Symcallio species have a
preference for the anterior regions, while the members of their sister genus
Calliobothrium sensu stricto prefer the middle region of the spiral intestines of their host.
Preliminary study of the sites occupied by C. euzeti and S. peteri in M. palumbes show a
similar pattern of attachment site specificity, supporting this as a widespread
phenomenon among species of these genera.
The pattern of proglottid laciniation varies along the length of the strobila of the 3
species of Calliobothrium sensu stricto for which detailed descriptions of the laciniation
pattern are now available (i.e., C. verticillatum [see Euzet, 1959], C. australis [see Ivanov
and Brooks, 2002], and C. euzeti). In all 3 species, the most immature proglottids exhibit
2 dorsal and 2 ventral laciniations (e.g., Fig. 1B) while more posterior immature
proglottids also bear a broad medial laciniation between the 2 lateral laciniations on the
dorsal and ventral surfaces. In subsequent proglottids this middle laciniation gradually
increases in size (e.g., Fig. 1C), and further along the length of the strobila a notch forms
in the medial laciniation. This notch increases in depth, ultimately dividing the medial
laciniation into 2 submedial laciniations resulting in posterior-most immature proglottids
that bear 4 dorsal and 4 ventral laciniations (e.g., Fig. 1D). As proglottids begin to
mature, we think the submedial laciniations fuse with the adjacent lateral laciniations to
form a total of 2 broad laciniations on the dorsal and ventral surfaces (e.g., Fig. 1E). The
fact that this same general pattern is seen in all 3 species suggests that a similar
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developmental sequence may regulate laciniation pattern in the genus. We suspect the
laciniations may facilitate attachment of these long worms to the intestinal mucosa.
As noted by Nasin et al. (1997), there is considerable interspecific variation in egg
packaging into cocoons in species of Calliobothrium sensu stricto and now also
Symcallio. The ovoid cocoons of S. peteri most closely resemble those of S. violae.
However, in C. euzeti, variation in cocoon form was seen within the uterus of the same
specimen; while some cocoons were ovoid, others were elongate cylinders. The fact that
smaller free gravid proglottids tended to contain elongate cylindrical cocoons, while
larger, presumably older, proglottids contained ovoid cocoons leads us to conclude that
this may be a developmental phenomenon. Euzet (1954) showed that cocoon morphology
in some species changes substantially when cocoons come into contact with seawater. He
reported fusiform cocoons of C. verticillatum exhibited conspicuous bipolar filaments
after only 15 min in seawater. In contrast, the spherical cocoons of S. lintoni (as C.
lintoni) changed size, but not shape in seawater, swelling many more times their original
size after 15 min. The cocoons described here were taken from gravid proglottids fixed in
formalin and thus any transformations that might occur in natural conditions were not
observed. It may be necessary to examine multiple gravid proglottids at different stages
of maturity, and unfixed cocoons in seawater, to capture the full extent of variation in
cocoon morphology within species of Calliobothrium and Symcallio.
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CHAPTER 2
Diversity and host associations of Calliobothrium (Cestoda: “Tetraphyllidea”)
and its relatives

INTRODUCTION
The genus Calliobothrium van Beneden, 1850 was established by van Beneden
(1850) over a century and a half ago with C. verticillatum (Rudolphi, 1819) van Beneden,
1850 as its type. However, the dual nature of the genus, which included a suite of large,
laciniate species and a suite of smaller, non-laciniate species, has been widely recognized
(Nasin et al., 1997; Ivanov and Brooks, 2002; Pickering and Caira, 2008). Bernot et al.
(2015) recently addressed this issue when they transferred the non-laciniate species to the
new genus Symcallio Bernot, Caira, and Pickering, 2015, with S. peteri Bernot, Caira,
and Pickering, 2015 as its type. Based on their revised, more restrictive concept, this
reduced the membership of Calliobothrium to C. verticillatum, C. australis Ostrowski de
Nuñez, 1973, C. creeveyae Butler, 1987, C. euzeti, Bernot, Caira, and Pickering, 2015, C.
nodosum Yoshida, 1917, C. shirozame Kurashima, Shimizu, Mano, Ogawa, and Fujita,
2014, and C. tylotocephalum Alexander, 1963. While the establishment of Symcallio did
much to resolve the dual nature of Calliobothrium sensu lato, a number of issues with our
understanding of the identities and host associations of species of Calliobothrium sensu
stricto remain (Bernot et al., 2015). Most conspicuously, whereas species of Symcallio
exhibit oioxenous specificity for their hosts (sensu Euzet and Combes, 1981)—in that
they each parasitize only a single species in the triakid shark genus Mustelus Linck, 1790,
current records suggest this may not be the case for species of Calliobothrium sensu
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stricto. Most problematic are the host associations of the type species, Calliobothrium
verticillatum, which since its description from the waters off Italy has been reported from
“Mustelus vulgaris” in the North sea off Belgium by van Beneden (1850), M. mustelus
(L., 1758) in the Mediterranean off France by Euzet (1959), M. lenticulatus Phillips, 1932
off New Zealand by Alexander (1963), M. canis (Mitchell, 1815) off the eastern Atlantic
by Euzet (1959) and the western Atlantic by Cislo and Caira (1993), M. manazo Bleeker,
1855 off Japan by Yamaguchi et al. (2003), and M. mento Cope, 1877 off Chile by
Carvajal (1974). In fact, the identity of the cestodes in some of these reports has begun to
be formally questioned (e.g., Nasin et al., 1997; Pickering and Caira, 2008; Caira et al.,
2014; Bernot et al., 2015) and the later 3 studies referred to the species taken from M.
canis in the western Atlantic Ocean as Calliobothrium cf. verticillatum in recognition of
this fact.
The identity of Calliobothrium verticillatum sensu stricto must be resolved if this
confusion is to be settled, but that goal is complicated by the fact that type material is
unknown and host associations are confounded. Although reported by van Beneden
(1850) from “Mustelus vulgaris” in the North Sea off Belgium when he established the
genus Calliobothrium, the type species was originally described by Rudolphi (1819) (as
Bothriocephalus verticillatus) based on specimens collected in the Mediterranean Sea
from “Squali Galei” off Rimini, Italy. Unfortunately, neither host name is considered
valid today and the host species cannot be unambiguously determined based on the data
Rudolphi (1819) and van Beneden (1850) provided. However, both of their host
identifications suggest the type host is a triakid shark, likely of the genus Mustelus.
Further confounding the situation are issues with the identity of triakid sharks in the
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eastern Atlantic Ocean. At the time Rudolphi described C. verticillatum, only a single
species of Mustelus was known from that region, but numerous Mustelus species have
been described and subsequently synonymized over the course of the following 2
centuries. More recently, when conducting his work on Calliobothrium, Euzet (1959)
considered 2 species to occur in the Mediterranean: M. canis and M. mustelus. However,
3 members of this genus are now recognized in that region: M. asterias, Cloquet, 1819 M.
mustelus, and M. punctulatus Risso, 1827 (Compagno et al., 2005; Serena, 2009a) and
Mustelus canis is now considered to occur only in waters of the western Atlantic Ocean
(Compagno et al., 2005).

The goals of this chapter are to:
(1) Resolve issues surrounding the identities and host associations of specimens
resembling C. verticillatum that parasitize triakid sharks in Atlantic localities.
(2) Resolve the identity and host associations of the species originally described
as Calliobothrium leuckarti by van Beneden (1850) and referred to as Symcallio leuckarti
(van Beneden, 1850) Bernot, Caira, and Pickering, 2015 by Bernot et al. (2015).
(3) Expand the molecular phylogenetic analyses of Bernot et al. (2015) through
inclusion of additional species and to examine the host associations of species of
Calliobothrium and Symcallio.
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MATERIALS AND METHODS
Collections
All sharks examined were assigned a unique identification code, and basic
measurements and a series of digital photographs were taken. In addition, samples of
liver tissue were removed and preserved in 95% ethanol to verify host identifications.
These data and images are available using the host collection code and collection number
(e.g., UK-1) in the Global Cestode Database (GCD) at
http://elasmobranchs.tapewormdb.uconn.edu (Caira et al., 2012). Specimens of 3
smoothound shark species were examined. 11 specimens of Mustelus asterias were
collected by long line in the North Sea off of Lowestoft, Great Britain in August 2013 as
by-catch from local fishermen on the FV Maximus working in conjunction with the
Centre for Environment, Fisheries and Aquaculture Science (Cefas) of the United
Kingdom. Specimen details are as follows: UK-1 (male 86 cm in total length [TL]); UK3 (male 99 cm TL); UK-10 (female 80 cm TL); UK-25 (male 85 cm TL); UK-29 (male
87 cm TL); UK-30 (male 92 cm TL); UK-35 (male 88 cm TL); UK-36 (female 80 cm
TL); UK-37 (female 109 cm TL); UK-52 (female 77.5 cm TL); UK-57 (female 85 cm
TL). Four specimens of Mustelus canis were collected in Long Island Sound off the coast
of Connecticut in May and June 2014 by the Connecticut Department of Energy and
Environmental Protection on the RV John Dempsey as part of their annual Long Island
Trawl Survey. Specimen details are as follows: LIT-1 (male 109 cm TL); LIT-3 (female
127.5 cm TL); LIT-7 (male 73.5 cm TL); LIT-8 (male 91 cm TL). One specimen of
Mustelus palumbes, AF-121 (male 84 cm TL), was collected by bottom trawl in the
Indian Ocean off of South Africa (at 34°10.27’S, 26°38.96’E) in April 2010 as by-catch
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from a hake survey conducted by the Marine and Coastal Management, Department of
Agriculture, Forestry and Fisheries, South Africa on the FRS Africana. In each case, the
spiral intestine was removed, opened with a midventral incision, fixed in seawaterbuffered formalin (9:1, seawater:full-strength formalin) and later transferred to 70%
ethanol for storage and examination of cestodes. A subset of the cestodes was preserved
in 95% ethanol at the time of collection for molecular analysis. Shark taxonomy follows
Compagno et al. (2005).
Morphological Methods
For light microscopy, worms fixed in formalin were prepared as whole mounts in
Canada balsam using standard protocols (see Pickering and Caira, 2012). In total, 20
specimens of Calliobothrium and 9 specimens of Symcallio leuckarti from M. asterias,
18 specimens of Calliobothrium from M. canis, and 1 specimen of Calliobothrium n. sp.
1 from M. palumbes were prepared and examined as whole mounts. Histological sections
of mature proglottids were prepared for 2 specimens of each of the Calliobothrium
species from M. asterias and M. canis as follows. The anterior portion of each worm was
removed and prepared as a whole mounted voucher. Two to 4 of the posterior-most
proglottids were dehydrated in a graded ethanol series, cleared in xylene, and embedded
in a paraffin-polymer blend (TissuePrep, Fisher Scientific, Fair Lawn, New Jersey).
Cross sections were cut at 7 µm intervals using an Olympus Cut 4060 microtome
(Olympus Corporation, Melville, New York). They were attached to glass slides with
warm 10% aqueous sodium silicate, hydrated in a graded ethanol series, stained with
Delafield’s hematoxylin, counterstained with eosin, dehydrated in a graded ethanol
series, cleared in xylene, and mounted in Canada balsam under a coverslip. Temporary
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mounts of cocoons were prepared when free gravid proglottids were found as follows:
gravid proglottids were removed from the strobila, placed in a 1:1 mixture of lactophenol
and 100% ethanol (see Meyer and Olson, 1975; Nasin et al., 1997) and stored in an open
container in a fume hood for 3 days to clear. The proglottids were then broken open with
fine needles, mounted in lactophenol on glass slides under coverslips that were then
rimmed with clear nail polish.
Measurements were taken with a Zeiss Axioskop 2 Plus microscope (Zeiss,
Thornwood, New York) using SPOT Diagnostic Instrument Digital Camera Systems and
SPOT software (version 4.6) (SPOT Imaging Solutions, Sterling Heights, Michigan) and
are given in micrometers unless otherwise noted. Photographs of cocoons were taken
with this same system. Measurements are presented as the range, followed in parentheses
by the mean, standard deviation, number of cestodes measured, and total number of
observations when more than 1 measurement per specimen was made. Hook terminology
and hook measurements follow Caira (1985) and are illustrated in Figure 11H. For all
species only the 2 terminal-most mature proglottids were measured. Free gravid
proglottids of Calliobothrium from M. asterias were measured, while for Symcallio
leuckarti only the 2 terminal-most, undehisced gravid proglottids were measured.
Laciniations were not included in the measurements of proglottid length or width.
Laciniation measurements follow Bernot et al. (2015) (Fig. 1). Microthrix terminology
follows Chervy (2009).
Three scoleces of the Calliobothrium species from M. asterias, 5 scoleces of the
Calliobothrium species from M. canis, and 1 scolex of Symcallio leuckarti were
examined using scanning electron microscopy (SEM). In each case, the remainder of the
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worm was mounted as a whole mount voucher as described above. Specimens were
prepared for SEM as follows: they were hydrated in a graded ethanol series, placed in 1%
osmium tetroxide overnight, dehydrated in a graded ethanol series, placed in
hexamethyldisilazane (Ted Pella Inc., Redding, California), and allowed to air dry in a
fume hood. They were subsequently mounted on aluminum stubs using double-sided
PELCO carbon tabs (Ted Pella Inc., Redding, California), sputter coated with 30nm of
gold/palladium, and examined with a FEI Nova NanoSEM 450. The stubs were retained
in the personal collection of J. N. Caira.
Museum abbreviations used are as follows: LRP, Lawrence R. Penner
Parasitology Collection, Department of Ecology and Evolutionary Biology, University of
Connecticut, Storrs, Connecticut, USA; BMNH, The Natural History Museum,
Department of Zoology, London, UK; USNM, National Museum of Natural History,
Smithsonian Institution, Washington D.C., USA.
Molecular Methods
Total genomic DNA was extracted from the strobila of specimens preserved in
95% ethanol using a MasterPureTM DNA Purification Kit (Epicentre Technologies,
Madison, Wisconsin) following the manufacturer’s instructions. The D1-D3 region of the
28S rDNA locus was selected based on its previously established utility in resolving
interspecific phylogenetic relationships in other cestodes (e.g., Zehnder and Mariaux,
1999; Olson et al., 2001; Waeschenbach et al., 2007; Jensen and Bullard, 2010; Caira et
al., 2014; Bernot et al., 2015). For amplification, LSU5 (Littlewood et al., 2000) was used
as the forward primer and 1500R (Tkach et al., 2003) as the reverse primer. For
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sequencing reactions, LSU5 was used as the forward primer and 1200R (Lockyer et al.,
2003) as the reverse primer.
In all cases, 28S rDNA (D1-D3) sequence data were generated from vouchered
hologenophores. Vouchers of hologenophores were prepared as whole mounts as
described above. Sequence data generated de novo came from 3 specimens of the
Calliobothrium from M. asterias (host Nos. UK-1, UK-10, UK-29); 3 specimens of
Symcallio leuckarti from M. asterias (host Nos. UK-36 and UK-52); and 1 specimen of
Calliobothrium from M. palumbes (host No. AF-121). PCR and cycle sequencing
protocols followed Pickering and Caira (2013). Sequences were generated on an ABI
PRISM® 3130 Genetic Analyzer (Applied Biosystems, Foster City, California).
Comparable sequence data from additional specimens were taken from GenBank and are
shown in Table 2 with GenBank and LRP voucher numbers, and host information.
The ingroup taxa consisted of 19 specimens of a total of 10 species (Table 2); the
outgroup taxa consisted of 3 species (Table 2); for the purposes of rooting,
Clistobothrium montaukensis Ruhnke, 1993 was treated as the only outgroup and was
chosen based on the results of Caira et al. (2014) and Bernot et al. (2015). The root was
arbitrarily placed at the midpoint of the branch separating Clistobothrium montaukensis
from all other taxa. Sequences were assembled, aligned using MUSCLE with default
settings then checked by eye, and trimmed using Geneious Pro 5.6.4 (Drummond et al.,
2012). Percent identity among sequences was also calculated using the later program. The
number of parsimony informative characters was determined using PAUP* v. 4.0a134
(Swofford, 2003). GTR + I + Γ was determined to be the appropriate model of nucleotide
evolution for all analyses using the Akaike Information Criterion (AIC) and Bayesian
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Information Criterion (BIC) implemented in PartitionFinder v1.1.1 (Lanfear et al., 2012).
Phylogenetic analyses were performed using Mr. Bayes v3.2.1 (Ronquist et al., 2012) for
Bayesian Inference (BI) and GARLI 2.0 (Zwickl, 2006) for Maximum Likelihood (ML).
The BI analyses were performed using 2 independent MCMC runs, each comprising 4
chains (1 cold, 3 heated), and a random starting tree. Each was run for 5,000,000
generations, with 10% generations (i.e., 500,000) as burn-in, sampling every 1,000
generations. After burn-in, the remaining samples from the 2 runs were combined to
estimate the topology, posterior probabilities (PP), and branch lengths. The ML analysis
was implemented using the default parameter settings of GARLI 2.0. Bootstrap (BS)
values were calculated based on 300 replicates. The majority rule consensus tree from the
GARLI runs was compiled in Phycas v2.2 (Lewis et al., 2015). BI and ML analyses were
done on the Bioinformatics Cluster through the Biotechnology and Bioservices Center at
the University of Connecticut.
RESULTS
Calliobothrium wightmanorum n. sp.
(Figs. 11–14)
Description (based on 20 mature worms and 8 free gravid proglottids: 15 whole
mounts, 3 observed with SEM, 2 prepared as cross sections; 4 mounts of free gravid
proglottids, 4 gravid proglottids prepared as temporary mounts for cocoon
measurements): Worms euapolytic, 29–51 (40 ± 7; 15) mm long; greatest width 367–684
(552 ± 81; 30) at midlevel of mature proglottids; 259–350 (293 ± 26; 15) proglottids per
worm. Scolex consisting of scolex proper and cephalic peduncle; scolex proper 275–356
(324 ± 25; 14) long by 159–259 (190 ± 28; 10) wide, with dome-shaped apex; cephalic
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peduncle 73–100 (89 ± 8; 14) long by 97–153 (128 ± 17; 13) wide. Bothridia 4 in
number, 261–342 (314 ± 21; 14; 43) long by 71–123 (90 ± 14; 13; 36) wide; each with
anterior muscular pad bearing 3 apical suckers, 2 pairs of articulated, unipronged hooks,
and post-hook region subdivided into 3 loculi; muscular pad 28–44 (35 ± 4; 13; 40) long
by 73–105 (91 ± 8; 14; 26) wide; anterior loculus 132–176 (157 ± 10; 14; 42) long;
middle loculus 42–66 (57 ± 6; 14; 42) long; posterior loculus 50–79 (66 ± 7; 14; 42) long.
Hooks hollow, partially covered by thin layer of tissue (Fig. 12A, B). Axial hooks
conspicuously more recurved than abaxial hooks (Fig. 11E). Medial hooks slightly more
recurved than lateral hooks; lateral axial hook measurements: A: 47–66 (55 ± 5; 14; 22);
B: 64–104 (90 ± 9; 14; 21); C: 31–43 (37 ± 3; 14; 21); medial axial hook measurements:
A’: 37–63 (48 ± 7; 14; 22); B’: 66–100 (83 ± 9; 14; 21); C’: 30–42 (36 ± 3; 14; 21).
Lateral abaxial hook measurements: D: 87–115 (97 ± 8; 14; 19); E: 65–82 (64 ± 6; 14;
19); F: 29–38 (33 ± 3; 14; 20); medial abaxial hook measurements: D’: 74–104 (88 ± 8;
14; 22); E’: 49–70 (59 ± 7; 14; 22); F’: 25–35 (30 ± 3; 14; 22).
Distal surfaces of bothridia covered with papilliform filitriches, no spinitriches
seen (Fig. 12F). Proximal surfaces of bothridia covered with densely arranged gladiate
spinitriches interspersed with capilliform filitriches (Fig. 12C). Apex of scolex and
proximal surface of muscular pads covered with capilliform filitriches. Gladiate
spinitriches present in patches on laciniations of youngest proglottids (Figs. 12D, E);
spinitriches expanding to cover entire surface of lateral laciniations and becoming
interspersed with capilliform filitriches as proglottids mature (Figs. 12H, I). Cephalic
peduncle with gladiate spinitriches; filitriches not observed.
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Proglottids craspedote, laciniate. Laciniation pattern varying along length of
strobila (Fig. 11C). Anterior-most immature proglottids with 2 dorsal and 2 ventral
laciniations (Fig. 12D); laciniations 18–30 (24 ± 3; 15) long by 25–34 (29 ± 3; 15) wide;
14–25% (19% ± 3; 10) of proglottids with this pattern. More posterior immature
proglottids with 3 dorsal 3 ventral laciniations, 22–36% (31% ± 5; 10) of proglottids with
this pattern. Further posterior immature proglottids with 4 dorsal and 4 ventral
laciniations (Fig. 12G), 30–53% (38% ± 6; 10) of proglottids with this pattern. Mature
proglottids with 2 dorsal and 2 ventral laciniations (Fig. 11D); laciniations 164–326 (240
± 39; 15; 30) long by 177–389 (283 ± 49; 15; 30) wide; 7–20% (12% ± 4; 10) of
proglottids with this pattern. Free gravid proglottids with 2 dorsal and 2 ventral
laciniations; laciniations 297–317 (309 ± 11; 3) long by 513–552 (529 ± 21; 3) wide.
Immature proglottids 247–337 (281 ± 27; 15) in number, initially wider than
long, becoming longer that wide with maturity. Mature proglottids 6–11 (8 ± 2; 15) in
number, 923–2,372 (1644 ± 361; 15; 30) long by 367–684 (552 ± 81; 15; 30) wide,
length:width ratio 1.4–4.7:1 (3.1 ± .9; 15; 30). Testes in multiple irregular columns;
columns extending from anterior margin of proglottid to interdigitate with anterior digits
of ovary, usually 1 (Fig. 13A), sometimes 2, rows deep in cross section, at least 131–188
(161 ± 13; 15; 29) in total number; post-poral testes 34–60 (45 ± 6; 15; 29) in number,
varying greatly in shape, 32–80 (55 ± 12; 15; 60) long by 22–66 (43 ± 10; 15; 60) wide.
Cirrus sac small, pyriform (Fig. 11B), 80–120 (99 ± 11; 15; 28) long by 69–92 (80 ± 6;
15; 28) wide, containing coiled cirrus; cirrus armed with spinitriches. Vas deferens highly
coiled; coils extending to near anterior margin of proglottid.
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Ovary highly digitiform, H-shaped in frontal view, tetralobed in cross section
(Fig. 13B), located at posterior end of proglottid, 294–982 (612 ± 182; 15; 30) long by
255–608 (455 ± 84; 15; 30) wide, widest at bridge or posterior margin. Vitellarium
follicular; vitelline follicles in 2 lateral bands; each band consisting of multiple columns
of follicles (Figs. 11D, 13A), extending from anterior of proglottid to mid-level of ovary,
uninterrupted by cirrus sac. Genital pores lateral, alternating irregularly, 56–73% (67 ± 4;
15; 29) from posterior end of proglottid. Vagina opening into genital atrium anterior to
cirrus sac, no spinitriches visible in lumen of vagina. Uterus saccate, extending along
midline from near anterior proglottid margin to ovarian bridge (Fig. 11D). Excretory
ducts arranged in 2 lateral pairs.
Free gravid proglottids 5,541–5,849 (5,664 ± 163; 3) long by 1149–1,397 (1,257
± 127; 3) wide, length to width ratio 4–5.1:1 (4.5 ± 0.5; 3). Genital pores 71–73% (72 ±
0.01; 3) from posterior of proglottid. Eggs spherical, 17–31 (22 ± 2; 84) in diameter,
packaged in cocoons in groups of 8–13 (10 ± 1; 35) eggs. Cocoons with unembryonated
eggs elongate, containing single column of eggs (Fig. 14), 146–180 (162 ± 11; 10) long
by 19–26 (22 ± 2; 10) wide; cocoons with embryonated eggs ovoid containing eggs in
multiple rows (Fig. 14), 70–118 (89 ± 12; 25) long by 38–62 (53 ± 5; 25) wide.
Taxonomic summary
Type and only known host: Mustelus asterias Cloquet, 1819, starry smoothhound
(Carcharhiniformes, Triakidae).
Site of infection: Spiral intestine; chambers 2–8 of 10.
Type locality: North Sea, off of Lowestoft, United Kingdom.
Additional localities: None
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Prevalence: 11 of 11 hosts examined (100%).
Etymology: This species is named in honor of the Wightman family of Lowestoft,
England in recognition of their generosity in providing host specimens and the value of
the knowledge of the sea cultivated by generations of fishing.
Specimens deposited: Holotype (BMNH No. XXXX); X paratypes (BMNH Nos.
XXXX); X paratypes (USNM Nos. XXXX); X paratypes (LRP Nos. XXXX), strobilar
vouchers of X paratypes examined with SEM (LRP Nos. XXXX), serial cross sections of
X paratypes and their scolex vouchers (LRP Nos. XXXX), scolex and strobilar vouchers
of X paratypes from cocoon preparations (LRP Nos. XXXX), vouchers of X
hologenophores (LRP Nos. XXXX).
Remarks
Calliobothrium wightmanorum n. sp. is easily distinguished from C.
tylotocephalum in its possession of 3, rather than 1, sucker per muscular pad, a
substantially smaller scolex (159–259 vs. 1,040–1,617 wide), and hooks that are elongate
and slender rather than short and robust (see Alexander, 1963). Calliobothrium
wightmanorum n. sp. differs from C. nodosum in its possession of mature proglottids that
are longer than wide rather than wider than long, and in its possession of hooks that are
elongate rather than robust and thorn-like as illustrated by Yoshida (1917). Furthermore,
C. wightmanorum n. sp. is euapolytic, dropping mature proglottids from the strobila,
whereas C. nodosum is apolytic, retaining gravid proglottids on the strobila. The new
species is easily distinguished from C. shirozame by its laciniation pattern, for unlike this
new species, the strobila of C. shirozame never possesses proglottids with 4 dorsal and 4
ventral laciniations, instead 3 is the maximum number of laciniations seen on any
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proglottid along the length of the strobila. Calliobothrium wightmanorum n. sp. can be
differentiated from C. creeveyae in possessing posterior bothridial margins that are intact,
rather than divided into 3 lobes. Calliobothrium wightmanorum n. sp. differs from C.
australis in its laciniation pattern: whereas in C. australis only the 3 proglottids
beginning immediately posterior to the cephalic peduncle possess 2 dorsal and 2 ventral
laciniations, in C. wightmanorum n. sp. at least 44 of the proglottids beginning
immediately posterior to the cephalic peduncle possess 2 dorsal and 2 ventral
laciniations. The new species is also shorter in total length than C. australis (29–51 vs.
60–99 mm). Calliobothrium wightmanorum n. sp. is most similar to C. euzeti and C.
verticillatum; however, it differs from C. euzeti in its possession of fewer proglottids
(259–350, X = 293 vs. 373–488, X = 440) and fewer immature proglottids (247–337, X =
281 vs. 362–472, X = 426), and its lack of gladiate spinitriches on its distal bothridial
surfaces. Calliobothrium wightmanorum n. sp. differs from C. verticillatum as
redescribed by Euzet (1959) in its shorter total length (29–51 vs. 80–120 mm) and in its
possession of a more extensively branched ovary made up of elongate digits rather than a
compact ovary as illustrated by Euzet (1959).

Calliobothrium cisloi n. sp.
(Figs. 15–16)
Description (based on 17 mature worms and 1 immature worm: 11 whole mounts,
5 observed with SEM, 2 prepared as cross sections): Worms euapolytic, 36–57 (48 ± 8;
10) mm long; greatest width 566–952 (766 ± 108; 10; 19) at midlevel of mature
proglottids; 242–338 (307 ± 28; 10) proglottids per worm. Scolex consisting of scolex
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proper and cephalic peduncle; scolex proper 330–453 (404 ± 39; 10) long by 247–360
(286 ± 41; 10) wide, with dome-shaped apex; cephalic peduncle 141–221 (179 ± 24; 10)
long by 154–216 (177 ± 20; 10) wide. Bothridia 4 in number, 307–453 (392 ± 38; 10; 37)
long by 109–175 (140 ± 18; 10; 37) wide; each with anterior muscular pad bearing 3
apical suckers, 2 pairs of articulated, unipronged hooks, and a post-hook region
subdivided into 3 loculi; muscular pad 46–79 (66 ± 8; 10; 33) long by 108–159 (135 ±
14; 10; 33) wide; anterior loculus 160–235 (201 ± 18; 10; 37) long; middle loculus 37–81
(60 ± 11; 10; 37) long; posterior loculus 56–94 (77 ± 10; 10; 37) long.
Hooks hollow, completely covered by thin layer of tissue (Fig. 16A, D). Axial
hooks conspicuously more recurved than abaxial hooks (Fig. 15D). Medial hooks slightly
more recurved than lateral hooks; lateral axial hook measurements: A: 65–86 (76 ± 5; 11;
40); B: 117–140 (131 ± 6; 11; 40); C: 49–60 (55 ± 3; 11; 40); medial axial hook
measurements: A’: 55–85 (69 ± 6; 11; 40); B’: 105–137 (123 ± 7; 11; 40); C’: 46–59 (53
± 3; 11; 40). Lateral abaxial hook measurements: D: 123–145 (134 ± 6; 11; 40); E: 77–95
(87 ± 4; 11; 40); F: 42–50 (47 ± 2; 11; 40); medial abaxial hook measurements: D’: 111–
136 (126 ± 6; 11; 40); E’: 73–96 (83 ± 5; 11; 40); F’: 37–49 (43 ± 3; 11; 40).
Distal surfaces of bothridia covered with papilliform filitriches, no spinitriches
seen (Fig. 16C). Proximal surfaces of bothridia densely covered with gladiate spinitriches
interspersed with capilliform filitriches (Fig. 16G). Apex of scolex and proximal surfaces
of muscular pads covered with capilliform filitriches (Fig. 16B). Gladiate spinitriches
present in oval patches on lateral laciniations of youngest proglottids (Figs. 16E, F);
patches expanding to cover entire surface of lateral laciniations as proglottids mature;
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filitriches not observed (Fig. 16I, J). Cephalic peduncle with gladiate spinitriches;
filitriches not observed.
Proglottids craspedote, laciniate. Laciniation pattern varying along length of
strobila (Fig. 15C). Anterior-most immature proglottids with 2 dorsal and 2 ventral
laciniations (Fig. 16E); laciniations 24–52 (37 ± 9; 11) long by 32–55 (40 ± 7; 11) wide;
0.4–3% (2 ± 1; 10) of proglottids along strobila with this pattern. More posterior
immature proglottids with 3 dorsal 3 ventral laciniations, 10–19% (16 ± 3; 10) of
proglottids with this pattern. Further posterior immature proglottids with 4 dorsal and 4
ventral laciniations (Fig. 16H), 36–53% (48 ± 4.5; 10) of proglottids with this pattern.
Mature proglottids with 2 dorsal and 2 ventral laciniations (Fig. 15B); laciniations 37–
115 (76 ± 22; 10; 16) long by 156–396 (223 ± 60; 10; 16) wide; 29–45% (34% ± 4; 11)
of proglottids with this pattern.
Immature proglottids 240–337 (304 ± 29; 10) in number, initially wider than
long, becoming longer than wide with maturity. Mature proglottids 1–6 (3 ± 3; 10) in
number, 1,126–2,434 (1,569 ± 397; 10; 19) long by 566–952 (767 ± 108; 10; 19) wide,
length:width ratio 1.3–4:1 (2.1 ± 0.8; 10; 19). Testes at least 94–156 (132 ± 16; 10; 19) in
total number, post-poral testes 30–52 (42 ± 7; 10) in number, multiple rows deep in cross
section, varying greatly in shape, 43–95 (61 ± 13; 10; 39) long by 51–120 (78 ± 17; 10;
39) wide, arranged in multiple irregular columns; columns extending from anterior
margin of proglottid to anterior digits of ovary. Cirrus sac small, pyriform (Fig. 15G),
87–129 (102 ± 12; 10; 18) long by 68–103 (93 ± 8; 10; 18) wide, containing coiled cirrus;
cirrus armed with spinitriches. Vas deferens highly coiled; coils extending to near
anterior margin of proglottid.
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Ovary highly digitiform, H-shaped in frontal view, tetralobed in cross section,
located at posterior end of proglottid, 379–893 (536 ± 161; 10; 19) long by 305–800 (563
± 123; 10; 19) wide, widest at bridge or posterior margin. Vitellarium follicular; vitelline
follicles in 2 lateral bands; each band consisting of 1 dorsal and 1 ventral column of
follicles (Fig. 15B), extending from anterior of proglottid to mid-level of ovary,
uninterrupted by cirrus sac. Genital pores lateral, irregularly alternating, 63–75% (70 ± 3;
10; 19) from posterior end of proglottid. Vagina opening into genital atrium anterior to
cirrus sac; distal portion of vagina surrounded by extensive series of large glandular cells,
no spinitriches visible in vagina. Uterus saccate, extending along midline from near
anterior proglottid margin to ovarian bridge (Fig. 15B). Excretory ducts arranged in 2
lateral pairs. Gravid proglottids not observed.
Taxonomic summary
Type and only known host: Mustelus canis (Mitchill, 1815), dusky smoothhound
(Carcharhiniformes, Triakidae).
Site of infection: Spiral intestine; chambers 1–7 of 8 according to Cislo and Caira (1993).
Type locality: Long Island Sound off of Connecticut, USA.
Additional localities: None.
Prevalence: 43 of 49 specimens examined by Cislo and Caira (1993) (88%).
Etymology: This species is named in honor of Dr. Paul Cislo in recognition of his
description of the community of cestodes parasitizing M. canis.
Specimens deposited: Holotype (USNM No. XXXX); X paratypes (USNM Nos. XXXX);
X paratypes (LRP Nos. XXXX); strobilar vouchers of X paratypes examined with SEM
(LRP Nos. XXXX), serial cross sections of X paratypes and their scolex vouchers (LRP
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Nos. XXXX), scolex and strobilar vouchers of X paratypes from cocoon preparations
(LRP Nos. XXXX), vouchers of X hologenophores (LRP Nos. XXXX).
Remarks
Calliobothrium cisloi n. sp. is easily distinguished from C. tylotocephalum in its
possession of 3, rather than 1, sucker per muscular pad, a substantially smaller scolex
(247–360 vs. 1,040–1,617 wide), and hooks that are elongate and slender rather than
short and robust (see Alexander, 1963). Calliobothrium cisloi n. sp. differs from C.
nodosum in its possession of much smaller bothridia (307–453 vs. 1,100 long; 109–175
vs. 600 wide), mature proglottids that are longer than wide, rather than wider than long,
and hooks that are elongate rather than robust and thorn-like as illustrated by Yoshida
(1917). Furthermore, C. cisloi n. sp. is euapolytic whereas C. nodosum is apolytic. The
new species is easily distinguished from C. shirozame by its laciniation pattern—whereas
the new species possesses proglottids with 4 dorsal and 4 ventral laciniations, C.
shirozame possesses a maximum of 3 laciniations per proglottid. The new species differs
conspicuously from C. creeveyae in possessing posterior bothridial margins that are
intact, rather than divided into 3 lobes. Calliobothrium cisloi n. sp. differs from C. euzeti
in its possession lateral and medial axial and abaxial hooks that are larger in all
measurements. The new species differs from C. verticillatum as redescribed by Euzet
(1959) in its shorter total length (36–57 vs. 80–120 mm) and its laciniation pattern—
whereas the new species possesses no more than 9 proglottids beginning immediately
posterior to the cephalic peduncle with 2 dorsal and 2 ventral laciniations (less than 3.3%
of total proglottids with that laciniation pattern), C. verticillatum possesses 75 proglottids
beginning immediately posterior to the cephalic peduncle with 2 dorsal and 2 ventral
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laciniations (at least 20% of proglottids with that laciniation pattern). Calliobothrium
cisloi n. sp. differs from Calliobothrium wightmanorum in its possession of a low
percentage of immature proglottids with 2 dorsal and 2 ventral laciniations (0.4–3.3% vs.
14–25% of total proglottids) and shorter laciniations on mature proglottids (37–115, X =
76 vs. 164–326, X = 240). Calliobothrium cisloi n. sp. is most similar to Calliobothrium
australis but differs in its possession of fewer columns of vitelline follicles per lateral
band compared to C. australis (2 vs. 4–6). The new species also possesses glandular cells
surrounding the vagina that are much more extensive than in the latter species (extending
proximally to uterus vs. restricted to the distal end of vagina) and an ovary that has less
elongate digits than those of C. australis.

Symcallio leuckarti (van Beneden, 1850) redescription
(Figs. 17–18)
Description (based on 5 gravid and 4 immature voucher specimens: 9 whole
mounts, 1 scolex observed with SEM): Worms apolytic, 24–25 (24.5 ± 0.7; 2) mm long;
greatest width 699–1210 (942 ± 208; 5; 10) at midline of posterior-most gravid
proglottids; 85–121 (102 ± 18; 3) proglottids per worm. Scolex consisting of scolex
proper and cephalic peduncle; scolex proper 1102–1315 (1171 ± 76; 6) long by 846–979
(900 ± 52; 6) wide; cephalic peduncle 503–2147 (1059 ± 613; 6) long by 383–535 (474 ±
67; 6) wide. Bothridia 4 in number, 1060–1314 (1148 ± 64; 6; 23) long by 287–546 (453
± 58; 6; 22) wide; with anterior muscular pad bearing single apical sucker, 2 pairs of
articulated, unipronged hooks, and post-hook region subdivided into 3 loculi; muscular
pad 117–171 (141 ± 16; 6; 16) long by 208–300 (265 ± 25; 6; 15) wide; anterior loculus
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510–656 (583 ± 40; 6; 23) long; middle loculus 140–220 (180 ± 21; 6; 23) long; posterior
loculus 195–390 (272 ± 45; 6; 23) long.
Hooks hollow, completely covered by thin layer of tissue (Fig. 18A). Axial hooks
conspicuously more recurved than abaxial hooks (Fig. 17D). Accessory piece between
axial hook bases absent. Medial axial hooks slightly more recurved than lateral axial
hooks; lateral axial hook measurements: A: 105–138 (119 ± 9; 7; 11); B: 159–195 (179 ±
12; 7; 11); C: 104–145 (125 ± 13; 7; 12); medial axial hook measurements: A’: 106–151
(128 ± 15; 7; 12); B’: 158–204 (182 ± 12; 7; 12); C’: 115–163 (137 ± 13; 7; 13). Lateral
and medial abaxial hooks of similar size and shape, with rectangular tubercle (Fig. 17F);
lateral abaxial hook measurements: D: 264–311 (279 ± 16; 7; 12); E: 140–188 (165 ± 13;
7; 12); F: 119–152 (131 ± 12; 7; 12); medial abaxial hook measurements: D’: 238–299
(268 ± 19; 7; 11); E’: 140–223 (173 ± 23; 7; 11); F’: 97–135 (116 ± 11; 7; 13).
Distal surfaces of bothridia covered with papilliform filitriches interspersed
among small gladiate spinitriches (Fig. 18C). Proximal surface of bothridia densely
covered with larger gladiate spinitriches interspersed with acicular filitriches (Fig. 18D).
Distal surface of muscular pad covered with papilliform filitriches only. Proximal
surfaces of muscular pad covered with gladiate spinitriches, interspersed with capilliform
filitriches (Fig. 18B). Cephalic peduncle densely covered with gladiate spinitriches;
filitriches not observed (Fig. 18E).
Proglottids craspedote. Immature proglottids 47–67 (57 ± 3; 3) in number,
remaining wider than long throughout maturity (Fig. 17C). Mature proglottids 8–12 (9 ±
2; 3) in number, 246–404 (301 ± 51; 5; 10) long by 636–809 (735 ± 56; 5; 10) wide,
length:width ratio 0.3–0.5:1 (0.4 ± 0.07; 5; 10). Gravid proglottids 12–21 (15 ± 4; 3) in
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number, 318–843 (504 ± 203; 5; 10) long by 699–1,210 (942 ± 208; 5; 10) wide,
length:width ratio 0.2–1.1:1 (0.6 ± 0.3; 5; 10). Post-gravid proglottids 0–33 (17 ± 15; 3)
in number. Testes 34–50 (41 ± 5; 5; 10) in total number, 26–51 (34 ± 6; 5; 20) long by
43–94 (60 ± 15; 5; 20) wide, arranged in multiple irregular columns, extending from
ovary to near anterior margin of proglottid; post-poral testis 1–3 (2 ± 0.7; 5; 10) in
number. Cirrus sac pyriform, 164–232 (207 ± 21; 5; 8) long by 76–110 (92 ± 14; 5; 8)
wide, containing coiled cirrus; cirrus with spinitriches (Fig. 17B).
Ovary compact, H-shaped in frontal view, located at posterior end of proglottid,
90–153 (122 ± 24; 5; 10) long by 483–609 (560 ± 49; 5; 10) wide. Vitellarium follicular;
vitelline follicles in 2 lateral bands; each band consisting of multiple columns (Fig. 17G),
extending from near anterior margin of proglottid to near posterior margin of proglottid
anti-porally; poral band extending only to anterior margin of cirrus. Genital pores lateral,
irregularly alternating, 36–41% (39 ± 2; 5; 10) from posterior end of proglottid. Vagina
opening into genital atrium anterior to cirrus sac. Uterus saccate, extending along midline
from anterior margin of proglottid to ovarian bridge (Fig. 17G). Eggs spherical,
unembryonated in utero, packaged in cocoons; cocoons elongate (Fig. 17G). Excretory
ducts arranged in 2 lateral pairs.
Taxonomic summary
Type host of record: Mustelus vulgaris
Likely valid type host: Mustelus asterias Cloquet, 1819, starry smoothhound
(Carcharhiniformes: Triakidae).
Site of infection: Spiral intestine; chambers 1–3 of 10.
Type locality: North Sea, Belgium.
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Additional localities: North Sea off of Lowestoft, United Kingdom.
Specimens deposited: neotype (BMNH Nos. XXXX); X vouchers (USNM Nos. XXXX);
X vouchers (LRP Nos. XXXX), strobilar voucher of 1 specimen examined with SEM
(LRP Nos. XXXX), scolex and strobilar vouchers of 2 hologenophores (LRP Nos.
XXXX), scolex voucher of 1 hologeneophore (LRP No. XXXX).
Remarks
The measurements provided here supplement the very brief description of this
species presented by van Beneden (1850 pg. 142) (as Calliobothrium leuckarti) that
consisted solely of the following measurements: strobila 60–70 mm long, proglottids 0.4
mm wide, scolex 2 mm long by 1.5 mm wide, bothridia 0.4 mm wide. His description
was based on specimens collected from a host he identified as “Mustelus vulgaris” taken
in the North Sea off the coast of Belgium. Unfortunately, the cursory nature of van
Beneden’s (1850) description in combination with confusion over the true identity of the
type host has stymied taxonomic progress with this species. Given that confusion, and the
fact that, to our knowledge, no type material of this species exists, designation of a
neotype is in order. This specimen and the others on which this redescription is based
were collected near the type locality from a shark species that, given it is the most
common member of its genus in the region (Serena et al., 2009b), is the most likely
candidate as type host. Except for being slightly smaller in total length, these specimens
are consistent with van Beneden’s (1850) characterization of this species. Although Euzet
(1954; 1959) provided additional data for S. leuckarti (as Calliobothrium leuckarti), his
data differ in a number of respects from those presented here, suggesting his material
may not be conspecific with S. leuckarti. Indeed, his specimens, and those used in the
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redescription of S. leuckarti (as C. leuckarti) by Nasin et al. (1997), came from Gorée,
Senegal from sharks Euzet identified as Mustelus canis, a species now recognized to be
restricted in distribution to the western Atlantic Ocean (see Compagno et al., 2005) and
thus an unlikely candidate as the host of his material. As multiple species of Mustelus
occur in the waters of Senegal data from the Senegal specimens were not included in the
redescription presented here.
Phylogenetic Results
Replicate specimens of each of the 7 ingroup species were identical in 28S rDNA
sequence except for the 2 specimens of C. australis, which differed from one another by
3 nucleotide substitutions. The alignment of all 22 sequences was 1,223 base pairs (bp) in
length and contained 13 gaps, 6 of which were indels present only in outgroup taxa. The
alignment included 173 parsimony informative characters; 136 of these were parsimony
informative with the ingroup (Calliobothrium and Symcallio).
The trees resulting from BI and ML analyses were identical in topology with
respect to the relationships among the ingroup species. The ML tree is shown in Fig. 19
with nodal support presented as PP percentages above the branches and BS resampling
percentages from the ML analysis below the branches. The 5 species of Calliobothrium
included here were recovered as a monophyletic group; that clade was supported by a PP
value of 100% and a BS value of 92%. A putative new species of Calliobothrium
collected from M. palumbes off the coast of South Africa, referred to here as
Calliobothrium n. sp. 1, was included in the phylogenetic analyses. This species grouped
as the sister taxon to the 4 other Calliobothrium species with a PP of 100% and BS value
of 92%. This result is interesting given that although it resembles the other 4 species in
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being large-bodied and laciniate, unlike those species it possesses only 1, rather than 3,
suckers on the muscular pad of each bothridium.
The 5 species of Symcallio included in the analyses were also recovered as a
monophyletic group. That clade had a PP of 95% and BS support of 73%. Within the
clade, 2 groups were consistently recovered with PP and BS values of 100%. They were a
group consisting of S. violae (Nasin, Caira, and Euzet, 1997) Bernot, Caira, and
Pickering, 2015 and S. riseri (Nasin, Caira, and Euzet, 1997) Bernot, Caira, and
Pickering, 2015, and another consisting of S. barbarae (Ivanov and Brooks, 2002)
Bernot, Caira, and Pickering, 2015, S. peteri, and S. leuckarti.

DISCUSSION
Although not definitively resolving the identity of Calliobothrium verticillatum
and its type host, the results presented here move us closer to a solution. It is now
apparent that the specimens parasitizing M. canis in the western Atlantic Ocean originally
identified as C. verticillatum by Linton (1890) and also by numerous other authors (e.g.,
Read, 1957; Read et al., 1959, 1960; Laurie, 1961; Simmons, 1969; Caira and Ruhnke,
1991; Cherry et al., 1991; Cislo and Caira, 1993) are, in fact of Calliobothrium cisloi. It
also seems likely that the specimens of Calliobothrium reported by van Beneden (1850)
from “Mustelus vulgaris” off Belgium were C. wightmanorum and came from Mustelus
asterias. Given the species of Mustelus that commonly occur in the Mediterranean Sea in
the vicinity of the type locality of C. verticillatum in Italy (see Serena et al., 2009a;
2009c), the most likely host of C. verticillatum is M. mustelus—a fact that remains to be
confirmed by examination of this shark species, ideally in the waters of that region.
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While M. punctulatus also occurs in the Mediterranean Sea and is likely to host a species
of Calliobothrium, it is uncommon in the waters of the northern Mediterranean (see
Serena et al., 2009c) and thus is an unlikely candidate as type host of C. verticillatum. In
this context, the records of C. verticillatum from M. lenticulatus in New Zealand by
Alexander (1963), from M. manazo in Japan by Yoshida (1917) and Yamaguchi (2003),
and from M. mento in Chile by Carvajal (1974) bear further scrutiny. In fact, the specific
identity of the material from M. manazo has already been formally questioned by
Pickering and Caira (2008); preliminary morphological examination suggests these
specimens are distinct from all other known species of Calliobothrium. Given the
patterns of host association of members of this genus as they are now understood, it
seems likely that these 3 species of Mustelus will be found to host unique species of
Calliobothrium that resembles, but are distinct from, C. verticillatum. These results
provided here support the prediction of Nasin et al. (1997) that careful examination of the
C. verticillatum-like specimens collected from Mustelus species outside of the
Mediterranean would likely reveal that none are conspecific with C. verticillatum.
These results also help resolve the identity of the host of Symcallio leuckarti.
Given that its type locality is the North Sea off Belgium, recollection of this species near
that locality—from M. asterias, the most common triakid shark in that region (Serena et
al., 2009b)—allows revision of the identity of the type host from the invalid name
“Mustelus vulgaris” to M. asterias. As noted above, the specimens of S. leuckarti
examined here differ in a number of respects from those taken from sharks identified as
M. canis off Senegal by Euzet (1954; 1959) and Nasin et al. (1997). Additional work
examining the cestode faunas of triakid sharks off Senegal, and M. punctulatus in
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particular, for its cestodes are entirely unknown, would be extremely interesting to
pursue.
A number of issues remain with the identities of some of the other cestodes
parasitizing Mustelus species in the eastern Atlantic and Mediterranean Sea. For example,
the type hosts of Symcallio eschrichti (van Beneden, 1850) Bernot, Caira and Pickering,
2015 and S. lintoni (Euzet, 1954) Bernot, Caira and Pickering, 2015 have yet to be
confirmed. Like S. leuckarti, S. eschrichti was described based on specimens collected
from hosts identified as “Mustelus vulgaris” by van Beneden (1850) in the North Sea off
Belgium. It is possible that this species also parasitizes M. asterias, but with a prevalence
too low to have been detected with the sample size of 11 host individuals examined in
this study. The presence of 2 species of Symcallio in the same host species was shown by
Ivanov and Brooks (2002) in their work on M. schmitti off Argentina and so is thus not
unprecedented. It is also possible that S. eschrichti is hosted by 1 of the other triakid
species in that region such as M. mustelus, M. punctulatus, or even Galeorhinus galeus.
Euzet (1954) redescribed S. eschrichti (as C. eschrichti) from hosts he identified as M.
hinnulus (a junior synonym of M. asterias [see Eschmeyer, 1988]) and M. laevis (an
objective synonym of M. mustelus [see Eschmeyer, 1988]) and described S. lintoni (as C.
lintoni) from M. laevis. Adding to the confusion are Euzet’s subsequent (i.e., 1959)
reports of S. eschrichti and S. lintoni (as C. eschrichti and C. lintoni) from yet other
Mustelus species (i.e., M. mustelus and M. canis). This situation is best resolved by
examination of cestodes from M. mustelus, M. punctulatus, and Galeorhinus galeus in the
Mediterranean Sea. It is probable that, in addition to Calliobothrium verticillatum, M.
mustelus will be found to host a species of Symcallio—likely S. eschrichti (as it has been
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reported to occur both within and outside of the Mediterranean), and possibly also C.
lintoni.
Results of the molecular phylogenetic analyses conducted here confirm the
reciprocal monophyly of Calliobothrium and Symcallio, lending further support to the
establishment of the latter as a distinct genus by Bernot et al. (2015). These results also
support those of the morphological phylogenetic analysis of Nasin et al. (1997) in which,
although large-bodied, the species originally described as Calliobothrium leuckarti
belongs to Symcallio—a transfer formally made by Bernot et al. (2015). Despite its size,
this species occupies the anterior chambers (1–3) of the spiral intestine of M. asterias.
This site is typical of that occupied by the other species of Symcallio for which
attachment site data are available (Euzet, 1959; Cislo and Caira, 1993; Ivanov and
Brooks, 2002). As in these other host-parasite systems, the cohabiting species of
Calliobothrium, in this case C. wightmanorum, was found occupying more posterior
sites, specifically, chambers 2–8 of the 10 chambers of the spiral intestine of M. asterias.
The results of the phylogenetic analyses conducted here provide a number of
additional insights. First, proglottid laciniations, which are absent in the outgroup, appear
to be a synapomorphy for the genus Calliobothrium (arrowhead 1 in Fig. 20). In
combination with the fact that the relatively large-bodied S. leuckarti grouped robustly
among Symcallio species, this suggests that the presence or absence of laciniations is a
more appropriate feature than size (e.g., Nasin et al.’s [1997] large-bodied versus small
bodied-clades) when preliminarily identifying members of these sister genera. In
addition, the presence of 3, rather than 1, sucker at the anterior of each bothridium unites
a subgroup of species within the genus Calliobothrium (arrowhead 2 in Fig. 20).
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However, notably the laciniate Calliobothrium n. sp. 1 possesses only a single sucker at
the anterior of each bothridium, suggesting the number of suckers is not as robust a
synapomorphy as proglottid laciniations. Furthermore, the Symcallio clade appears to
consist of 2 subclades. One of these, represented here by S. violae and S. riseri, consists
of species that possess an accessory piece between the bases of their medial and lateral
axial hooks (arrowhead 3, Fig. 20). The other, represented here by S. barbarae, S.
leuckarti, and S. peteri, lacks this feature. However, the robustness of these subclades
remains to be tested by inclusion of the 4 additional species that possess an accessory
piece (i.e., S. lintoni, S. pellucidum [Riser, 1954] Bernot, Caira, and Pickering, 2015, S.
evani [Caira, 1985] Bernot, Caira, and Pickering, 2015, and S. lunae [Ivanov and Brooks,
2002] Bernot, Caira, and Pickering, 2015) and the 3 others that do not (i.e., S. eschrichti,
S. hayhowi [Nasin, Caira, and Euzet, 1997] Bernot, Caira, and Pickering, 2015, and S.
schneiderae [Pickering and Caira, 2008] Bernot, Caira, and Pickering, 2015). At this
time, the function of the accessory piece is unclear, but its association with the axial hook
bases suggests it is involved with hook articulation, and perhaps plays a role in
attachment.
Despite the incomplete nature of the taxon sampling employed here, comparison
of the cestode phylogeny with that of relevant triakid sharks from Naylor et al. (2012b)
reveals a number of interesting patterns (Fig. 20). There are several instances of
congruence between elements of the Symcallio and Mustelus trees. For instance, S. peteri
and S. leuckarti are sister taxa, as are their respective hosts, M. palumbes and M. asterias.
Likewise, S. barbarae is sister to the group S. peteri + S. lecukarti, and its host, M.
schmitti, is sister to the hosts of that group (i.e., M. palumbes + M. asterias). Although
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preliminary given the limitations of the taxon sampling in this study, there is evidence of
congruence between the 2 major subclades of Symcallio (i.e., those with and without an
accessory piece) and the 2 major subclades within Mustelus. The 2 primary subclades of
Mustelus were recovered both in the molecular phylogenetic analyses of Lopez et al.
(2006) and Naylor et al. (2012). Lopez et al. (2006) noted that these subclades differ in
their reproductive biology with the one including M. mustelus composed of viviparous
species and the other, termed the “asterias” clade by Lopez et al. (2006), composed of
species that are ovoviviparous. Results of the analysis conducted here suggest that there
is fidelity between the 2 subclades of Symcallio and these 2 subclades of Mustelus:
cestodes possessing an accessory piece parasitizing members of the M. mustelus
subclade, and those lacking an accessory piece parasitizing the M. asterias subclade. One
obvious exception to this pattern is found in the 2 species of Symcallio parasitizing M.
schmitti for whereas S. barbarae lacks an accessory piece, S. lunae possesses one.
To date, most species of Mustelus that have been examined in detail for cestodes
have been found to host a species of Calliobothrium and a species of Symcallio. The
exception is M. schmitti, which Ivanov and Brooks (2002) found to host 3 species from
these genera: in this case 2 species of Symcallio in addition to C. australis. The report of
Calliobothrium n. sp. 1 from M. palumbes here provides a second confirmed example,
given that this shark also hosts S. peteri and C. euzeti (see Bernot et al., 2015). If the host
identities of Alexander (1963), Yoshida (1917) and Yamaguchi et al. (2003) are correct
and not confounded by the presence of multiple species of Mustelus in New Zealand and
Japan (Compagno, 2005; Froese and Pauly, 2015), then M. lenticulatus and M. manazo
provide additional examples of host species parasitized by more than a single species of
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Calliobothrium. In these instances of multiple Calliobothrium species within a host, one
of the cestodes resembles C. verticillatum with an slender strobila and elongate hooks,
while the other is a more robust worm with stout, rose-thorn shaped hooks (i.e., C.
nodosum, C. tylotocephalum, Calliobothrium n. sp. 1).
In triakid sharks outside of the genus Mustelus, Butler (1987) described C.
creeveyae, but found no Symcallio species, in Galeorhinus galeus (L., 1758) (as
Galeorhinus australis). The monotypic Furgaleus Whitley, 1951 and species of
Hemitriakis Herre, 1923 host the related genera Biloculuncus Nasin, Caira, and Euzet,
1997 and Erudituncus Healy, Scholz, and Caira, 2001, respectively (Caira and Ruhnke,
1990; Nasin et al., 1997; Healy et al., 2001; Kurashima et al., 2014). Taken together,
these reports suggest that the composition of the cestode community among triakid sharks
other than Mustelus is varied and differs from that seen in Mustelus. Given the
hypotheses of the phylogenetic relationships of triakid sharks that are beginning to
emerge (see Naylor et al., 2012b), examination of Scylliogaleus quecketti Boulenger,
1902, Triakis megalopterus (Smith, 1839), and Hypogaleus hyugaensis (Miyosi, 1939)
would be especially interesting. Results to date suggest that, given the affinities of
Scylliogaleus quecketti and Triakis megalopterus with the ovoviviparous subclade of
Mustelus (Fig. 20), both of these 2 shark species will be found to host unique species of
Symcallio that lack an accessory piece. The high degree of host specificity of these
cestodes and the large number of triakid shark species that have yet to be examined for
cestodes (16 in the genus Mustelus, 5 in the genus Hemitriakis, and also T. megalopterus,
S. quecketti, and H. hyugaensis) suggests there are likely many more species in these
closely related genera remaining to be discovered.
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SYNTHESIS
As a result of the present study, the small-bodied, nonlaciniate clade and the
large-bodied, laciniate clade of Nasin et al. (1997) have been formally recognized as the
distinct genera Symcallio and Calliobothrium respectively. Furthermore, the
morphological distinctions between these 2 clades are now more fully understood. While
most species of Calliobothrium are much larger than most species of Symcallio, there are
some exceptions. Most notably, according to Ivanov and Brooks (2002), S. barbarae can
be up to 22 mm long, and the specimens Symcallio leuckarti collected here from M.
asterias are up to 25 mm in length, which is conspicuously longer than Calliobothrium
creeveyae (reported by Butler [1987] to reach a length of only 19 mm). Similarly, while
Calliobothrium species often bear a much larger number of proglottids than Symcallio
species (up to 488 proglottids in C. euzeti), this distinction is again obscured by C.
creeveyae, some specimens of which possess as few as 48 proglottids (Butler, 1987),
while S. leuckarti exhibits over 85 proglottids. The presence of 3, rather than 1, sucker on
the anterior of each bothridium also serves to differentiate most Calliobothrium species
from Symcallio species. The exceptions are C. tylotocephalum reported by Alexander
(1963) from M. lenticulatus and Calliobothrium n. sp. 1 reported here from M. palumbes,
both of which bear only a single sucker at the anterior of each bothridium. In the
molecular phylogenetic analysis presented in Chapter 2, Calliobothrium n. sp. 1 was
strongly supported as a member of Calliobothrium, albeit as sister to all other sequenced
species of Calliobothrium. Although specimens of C. tylotocephalum suitable for DNA
analysis were unavailable for this study, based on its morphology it seems likely that it
too will be found to group among the Calliobothrium species.
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Those features aside, the presence of laciniate proglottids has emerged as a clear
synapomorphy for Calliobothrium sensu stricto. All known species of Calliobothrium
possess this conspicuous feature, a feature demonstrably absent from all known Symcallio
species. Interestingly, these laciniations appear to have an important role in the
attachment of these lengthy worms to the mucosal surface of the spiral intestine of their
hosts. Histological sections of C. euzeti in situ in the spiral intestine of M. palumbes
suggest that proglottid laciniations lodge in small dimples in the surface of the villi of the
mucosa (Figs. 21A–C) thereby helping to secure it in position. This phenomenon is also
visible with SEM (Figs. 22A, B). Given the ubiquity of proglottid laciniations across
Calliobothrium species, it seems likely that examination of other Calliobothrium species
in situ will show that they too use the laciniations of their proglottids to attach to the
mucosal surface of their hosts. In fact, any attempt to remove a specimen of
Calliobothrium from the intestine of its host reveals how firmly these features lock the
worms in place—specimens are often broken during removal from host tissue as laciniate
proglottids interdigitate with the villus-like projections of the host mucosa. The
effectiveness of this attachment mechanism helps reconcile the undersized nature of the
scoleces of Calliobothrium species relative to the length of their strobila when compared
to their smaller Symcallio counterparts. For despite bearing strobilae that are 1 or 2 orders
of magnitude longer than those of most Symcallio species, most species of
Calliobothrium exhibit a scolex that is approximately half the size of that of their
Symcallio relatives. If these observations on attachment are correct, the scoleces of most
Calliobothrium species does not need to bear all the shearing force generated along the
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length of the strobila because the laciniate proglottids act as multiple small holdfasts
along the entire length of the strobila.
Species of Calliobothrium and Symcallio also differ in aspects of their ecology.
All species of Symcallio for which attachment site data are available attach
predominantly in the anterior 3 chambers of the spiral intestine while all species of
Calliobothrium for which comparable data are available attach with essentially a normal
distribution centered around the middle chambers of the spiral intestine and are found
very rarely in the anterior and or posterior 2 chambers (see Cislo and Caira, 1993; Ivanov
and Brooks 2002). Preliminary data on the distribution of Symcallio peteri and
Calliobothrium euzeti generated here reveal a similar pattern in Mustelus palumbes (Fig.
23A, B). A close correlation between intestinal mucosal surface configuration and scolex
morphology at the site of attachment has been demonstrated in a number of cestodes
species from at least 3 different cestodes orders (Williams et al., 1970; McKenzie and
Caira, 1998; Twohig et al., 2008). Furthermore, this relationship has been invoked to
explain the sites occupied by some species in other cestode genera (see McKenzie and
Caira, 1998). However, this does not appear to be the case in this system. Scanning
electron microscopy of the mucosal surface along the length of the 9 chambers of the
spiral intestine of M. palumbes indicates that the configuration of the mucosa varies only
subtly between chambers along the length of the spiral intestine (Fig. 24A–C) and this
variation is at a macro, rather than micro, scale. At the microscale, the surface of all
chambers bears wide villus-like projections. At a macroscale, the entire surface of the
mucosa, with its villus-like projections, is in ridge-like folds in the anterior half of the
intestine. Since both Calliobothrium euzeti and Symcallio peteri attach to the villus-like
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projections rather than the larger folds, and these projections are found throughout the
length of the spiral intestine, it does not appear that a relationship between scolex
morphology and mucosal surface structure is an appropriate explanation for the differing
attachment sites of these cestodes.
However, the relationship between laciniation structure and the size and
arrangement of dimples on the villus-like projections of the mucosa would be interesting
to explore further from the standpoint of attachment mode of Calliobothrium species. The
development of a standard protocol for reliably measuring laciniation size across species
(Fig. 1) has revealed that laciniation length, in particular, varies across species. For
instance, the laciniations on immature proglottids of C. cislo are longer (24–52 µm) than
those of any other Calliobothrium species for which laciniation length has been measured
(e.g., 18–30 µm in C. wightmanorum and 16–29 µm in C. euzeti). If laciniations
universally function in attachment, one would predict that the surface of the spiral
intestine of M. canis also bears villus-like projections with dimples, and that these
structures are deeper in M. canis than they are in M. asterias or M. palumbes. In addition,
preliminary examination of specimens of what appears to be an undescribed new species
of Calliobothrium from M. antarcticus shows this species possesses the most elongate
laciniations of any species of Calliobothrium known to date. If the above prediction holds
true, the dimples on the villus-like projections on the intestinal mucosa of M. antarcticus
would be expected to be even deeper.
In seeking explanations for site segregation, Cislo and Caira (1993) found no
evidence of competition between species of Calliobothrium and Symcallio in the 49
specimens of M. canis examined in their extensive study. This suggestions that
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competition may not explain the consistent differences in the sites occupied by
Calliobothrium and Symcallio species in general. Among alternative explanations to
consider is the possibility that worms in these 2 genera attach in different regions of the
spiral intestine because they are targeting different nutrients. Little is known about the
physiology of the spiral intestine of sharks, but studies on metabolism and absorption of
nutrients along the digestive tract of bony fish show that different nutrients (e.g., sugars,
amino acids, and fatty acids) are metabolized in different regions of the intestine (Bakke
et al., 2011). Lacking all elements of a digestive tract, tapeworms are unable to synthesize
fatty acids, cholesterol, and certain amino acids, and thus they depend on their hosts to
metabolize these nutrients so they can absorb them through their tegument (Tsai et al.,
2013). Species of Symcallio and Calliobothrium may require different nutrients, or
different concentrations of the same nutrients, and are locating the region of the intestine
that best serve their nutritional needs. Unfortunately, this speculative explanation remains
to be tested. Nonetheless, the fact that there exists a phylogenetic aspect to site specificity
in these genera now seems clear, and this intriguing idea is worth substantial future
attention.
That there also exists a phylogenetic component to host specificity in this system
has been apparent since Nasin et al. (1997) documented the oioxenous nature of number
of species of Symcallio. The present study has demonstrated that a similar situation in the
degree of host specificity of Calliobothrium species exists. Recognition of
Calliobothrium specimens from M. schmitti by Ivanov and Brooks (2002), M. griseus by
Kurashima et al. (2014), and M. palumbes, M. asterias, and M. canis here as distinct
species has confirmed oioxenous specificity as a general rule in Calliobothrium. This fact
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is further corroborated by preliminary morphological work on Calliobothrium specimens
from M. antarcticus and M. manazo, which suggests that those specimens also represent
distinct species. Given that only 6 of the 28 recognized species of Mustelus (see Froese
and Pauly, 2015) have been examined in detail for species of Calliobothrium, many more
species likely remain to be discovered. Based on these results, each of the unexamined
Mustelus species is predicted to host a unique species of Calliobothrium. In total, at least
22 species in the genus likely remain to be discovered. In fact, this may be an
underestimate because in a number of instances more than 1 species of Calliobothrium
has been found parasitizing a single Mustelus species: Calliobothrium n. sp. 1 and C.
euzeti parasitizing M. palumbes (present study); C. tylotocephalum and a C. verticillatumlike species in M. lenticulatus (Alexander, 1963); C. nodosum and an undescribed species
of Calliobothrium in M. manazo (present study); a C. verticillatum-like species and a
second species with highly elongate laciniations in M. antarcticus (present study).
Furthermore, beyond sharks of the genus Mustelus, Butler (1987) described C. creeveyae
from Galeorhinus galeus (as G. australis), suggesting that other triakid shark genera may
host species of Calliobothrium. Taken together, these data indicate that Calliobothrium
may be one of the more species-rich genera of cestodes that parasitize elasmobranchs.
Similarly, the 12 described species of Symcallio collectively parasitize 10 species
of Mustelus. The remaining 16 species of Mustelus have never been examined for species
of Symcallio. Again, existing records suggest that each of these shark species is likely to
host at least 1 species of Symcallio, in which case 16 species of Symcallio remain to be
described. However, this is also likely to be a conservative estimate, for in at least 1
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instance (i.e., Ivanov and Brooks, 2002) 2 species of Symcallio have been found
parasitizing a single host species: S. barbarae and S. lunae in Mustelus schmitti.
The evolutionary relationships among species of Symcallio are one of the most
intriguing aspects of this system. The validity of the notion that Symcallio is divided into
2 subclades, described in Chapter 2 (i.e., those with and without an accessory piece
between their axial hook bases), remains to be tested with expanded taxon sampling.
Specimens representing only 3 species of Symcallio without an accessory piece (S.
barbarae, S. leuckarti, and S. peteri) and 2 species that possess an accessory piece (S.
violae and S. riseri) were preserved for molecular analysis at the time of this study.
Expanding the taxon sampling to include the other 4 known species of Symcallio that
possess an accessory piece (S. evani, S. lintoni, S. lunae, and S. pellucidum) and the 3 that
lack one (S. eschrichti, S. hayhowi, and S. schneiderae), as well as the many predicted
undescribed species, would allow for a more complete survey of the evolutionary
relationship among Symcallio species.
Following from this, the fidelity of these 2 subclades of Symcallio for the 2
subclades of Mustelus is also an intriguing issue for further study. If the relationship
between these shark and cestode subclades holds true, predictions can be made regarding
the cestode fauna of unexamined host species known to belong to these 2 subclades.
Namely, M. albipinnis, Mustelus sp. 1, M. mosis, M. ravidus, M. widodoi, and M. norrisi
are predicted to host species of Symcallio that possess an accessory piece while M.
stevensi is predicted to host a species of Symcallio that lacks an accessory piece. Of
particular interest is the cestode fauna of Scylliogaleus quicketii and Triakis
megalopterus. Given both 2 shark species consistently grouped among the ovoviviparous
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subclade of Mustelus (see Naylor et al. 2012b) they are predicted to host species of
Symcallio that do not possess an accessory piece in addition to unique Calliobothrium
species.
The evolutionary relationships among Calliobothrium species also warrant
additional study. Only 5 species were included in the phylogenetic anaylses described in
Chapter 2. The other 5 described species have yet to be sequenced (i.e., C. verticillatum,
C. shirozame, C. creeveyae, C. tylotocephalum, and C. nodosum), as do those reported as
C. verticillatum from other hosts (such M. manazo, M. lenticulatus, and M. mento), which
likely represent yet additional species. Among the questions of interest are whether or not
species that develop proglottids with 3 laciniations early, rather than later, along the
strobila (i.e., C. australis and C. cisloi) are each other’s closest relatives in the context of
increased taxon sampling. The phylogenetic relationships of species with other unique
morphological features such as bothridia with 3-lobed posterior margins as seen in C.
creeveyae, and the lack of proglottids with 4 laciniations seen in C. shirozame, among
others, also remain to be explored. Of particular interest are the evolutionary relationships
of the species that bear thick, rose-thorn-like hooks (e.g., C. nodosum, C. tylotocephalum,
and Calliobothrium n. sp. 1), the latter 2 of which bear 1, rather than 3 suckers, on the
anterior margin of each bothridium. These species are intriguing because each is found in
a host along with a species of Symcallio and a more typical C. verticillatum-like species
of Calliobothrium. It would be fascinating to explore if these species represent a distinct
clade of Calliobothrium species, or if this body form has evolved independently on more
than 1 occasion within the genus. Work on these odd worms has been particularly
hampered by their low prevalence relative to other species of Calliobothrium and
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Symcallio. However, should additional specimens become available, it would also be of
interest to explore their attachment sites within the spiral intestine. Their apparent affinity
with other Calliobothrium would suggest they will be found to attach in the middle
chambers of the spiral intestine of their hosts, but this remains to be determined.
Once considered members of the tetraphyllidean family Onchobothriidae, the
work of Caira et al. (2014) removed species now assigned to Symcallio and
Calliobothrium from that family, and retained those of uncertain position among a nonmonophyletic “Tetraphyllidea.” As a consequence, the relationship of Symcallio and
Calliobothrium to other cestode genera remains to be elucidated. Caira et al. (2014)
found considerable phylogenetic instability among analyses in the position of Symcallio
and Calliobothrium species relative to other elasmobranch-hosted genera. Even with the
substantially expanded taxon sampling employed here, the relationship of these sister
genera to other cestode genera is unclear. In the most comprehensive analyses here (Fig.
19), Trilocularia gracilis + Crossobothrium laciniatum were found to be sister to
Calliobothrium + Symcallio. However, these analyses lacked representatives of the other
triakid-hosted genera with 2 pairs of hooks per bothridium (i.e., Erudituncus and
Biloculuncus). Based on their similar bothridial armature, it seems likely these 2 genera
will constitute a clade with Calliobothrium and Symcallio once molecular data from
members of these genera are generated and analyzed. Their inclusion may do much to
help resolve the relationship of this group with respect to other elasmobranch-hosted
taxa.
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Acanthobothrium)
santarosaliense)

Symcallio)riseri/n./comb./

IG

Uncibilocularis)okei)

Symcallio)riseri/n./comb./

IG

OG

Symcallio)barbarae)n./comb.

IG

OG

Symcallio)peteri)n./gen.,/n./sp.

IG

Rhinebothrium)
megacanthophallus)

Symcallio)peteri)n./gen.,/n./sp.

IG

Megalonchos)shawae)

Symcallio)peteri)n./gen.,/n./sp.

IG

OG

Symcallio)peteri)n./gen.,/n./sp.

IG

OG

Symcallio)peteri)n./gen.,/n./sp.

IG

Onc

Onc

Onc

Onc

Onc

Onc

Onc?

Rhi

Phy?/

Phy?/

"Tet"

"Tet"

"Tet"

"Tet"

"Tet"

"Tet"

"Tet"

"Tet"

"Tet"

"Tet"

"Tet"

"Tet"

"Tet"

"Tet"

"Tet"

"Tet"

Taxon

IG/OG

LRP/8296 KF685895/

LRP/8284 KF685899/

LRP/8289 KF685898/

LRP/8288/ KF685773/

LRP/8300 KF685751/

LRP/8310 KF685777/

LRP/8339 KF685764/

LRP/3901/ FJ177120/

LRP/8277 EF095259

KF685883/

LRP/8343 KF685776/

LRP/8655 KP128031

LRP/8654 KP128030

LRP/8656 KP128032

LRP/8341 KF685753/

LRP/8653 KP128029

LRP/8652 KP128028

LRP/8651 KP128027

LRP/8650 KP128026

LRP/8350 KF685881/

LRP/8609 KP128025

LRP/8608 KP128024

LRP/8607 KP128023

LRP/8581 KP128022

LRP/8580 KP128021

LRP/8579 KP128020

LRP/8578 KP128019

LRP/8577 KP128018

CM03R34

OJR2

EHR1

PUR23

BJR300

AUR61

NTR39

BOR108/

POR1

CIR2/

SQR2

VIR2

VIR1

EM/R3

EM/R3

AFR51

AFR51

AFR41

AFR41

EMR4

CRPR1

CRPR1

VIR2

AFR168

AFR168

AFR41

AFR41

AFR120

Healy/et/al./(2009)

Olson/et/al./(2001)/and/
Waeschenbach/et/al./(2007)

Caira/et/al./(2014)

Caira/et/al./(2014)

this/paper

this/paper

this/paper

Caira/et/al./(2014)

this/paper

this/paper

this/paper

this/paper

Caira/et/al./(2014)

this/paper

this/paper

this/paper

this/paper

this/paper

this/paper

this/paper

this/paper

Source

Montauk,/New/York,/USA/

Montauk,/New/York,/USA/

Madre/de/Dios/River,/Madre/de/Dios,/Peru/

Santa/Rosalia,/Baja/California/Sur,/México/

Dundee/Beach,/Northern/Territory,/Australia

Caira/et/al./(2014)

Caira/et/al./(2014)

Caira/et/al./(2014)

Caira/et/al./(2014)

Caira/et/al./(2014)

Caira/et/al./(2014)

Wessel/Islands,/Northern/Territory,/Australia/ Caira/et/al./(2014)

Kinabatangan/River,/Sabah,/Malaysia/

Montauk,/New/York,/USA/

Pacific/Ocean,/Puerto/Montt,/Chile/

Rhode/Island,/USA

Mar/del/Plata,/Buenos/Aires,/Argentina

Mar/del/Plata,/Buenos/Aires,/Argentina

Old/Lyme,/Connecticut/USA

Old/Lyme,/Connecticut/USA

Indian/Ocean,/South/Africa

Indian/Ocean,/South/Africa

Indian/Ocean,/South/Africa

Indian/Ocean,/South/Africa

Old/Lyme,/Connecticut/USA

Pacific/Ocean,/Costa/Rica

Pacific/Ocean,/Costa/Rica

Mar/del/Plata,/Buenos/Aires,/Argentina

Indian/Ocean,/South/Africa

Indian/Ocean,/South/Africa

Indian/Ocean,/South/Africa

Indian/Ocean,/South/Africa

Indian/Ocean,/South/Africa

Locality

Negaprion)acutidens/(Carcharhiniformes:/Carcharhinidae)/ Weipa,/Queensland,/Australia/

Prionace)glauca)(Carcharhiniformes:/Carcharhinidae)/

Prionace/glauca/(Carcharhiniformes:/Carcharhinidae)/

Potamotrygon)castexi)(Myliobatiformes:/
Potamotrygonidae)

Heterodontus)mexicanus/(Heterodontiformes:/
Heterodontidae)/

Pastinachus)atrus)(Myliobatiformes:/Dasyatidae)/

Hemipristis/elongata/(Carcharhiniformes:/Hemigaleidae)/

Himantura)polylepis/(Myliobatiformes:/Rhinopteridae)/

Isurus)oxyrhynchus)(Lamniformes:/Lamnidae)

Hexanchus)griseus/(Hexanchiformes:/Hexanchidae)/

Squalus)acanthias)(Squaliformes:/Squalidae)/

Mustelus)schmitti)(Carcharhiniformes:/Triakidae)

Mustelus)schmitti)(Carcharhiniformes:/Triakidae)

Mustelus)canis)(Carcharhiniformes:/Triakidae)

Mustelus)canis)(Carcharhiniformes:/Triakidae)

Mustelus)palumbes)(Carcharhiniformes:/Triakidae)

Mustelus)palumbes)(Carcharhiniformes:/Triakidae)

Mustelus)palumbes)(Carcharhiniformes:/Triakidae)

Mustelus)palumbes)(Carcharhiniformes:/Triakidae)

Mustelus)canis)(Carcharhiniformes:/Triakidae)

Mustelus)henlei)(Carcharhiniformes:/Triakidae)

Mustelus)henlei)(Carcharhiniformes:/Triakidae)

Mustelus)schmitti)(Carcharhiniformes:/Triakidae)

Mustelus)palumbes)(Carcharhiniformes:/Triakidae)

Mustelus)palumbes)(Carcharhiniformes:/Triakidae)

Mustelus)palumbes)(Carcharhiniformes:/Triakidae)

Mustelus)palumbes)(Carcharhiniformes:/Triakidae)

Mustelus)palumbes)(Carcharhiniformes:/Triakidae)

GenBank/Acc./
Current/ Voucher/ No./(28S/
Order* Acc./No. rDNA)
Host/Code Host/species/(host/order:/host/family)

List/of/ingroup/(IG)/and/outgroup/(OG)/taxa/included/in/the/analyses/with/their/ordinal/placement,/specimen/numbers,/and/host/data./GenBank/numbers/in/bold/indicate/sequences/generated/as/part/of/this/study.
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Pachybothrium)hutsoni)

Pedibothrium)veravalensis)

Balanobothrium)sp.)

Spiniloculus)n./sp./1

Yorkeria)izardi)

OG

OG

OG

OG

OG

"Tet"

"Tet"

"Tet"

"Tet"

"Tet"

Onc

LRP/8319 KF685904/

LRP/8298 KF685775/

KF685880/

LRP/8320 KF685894/

LRP/8322 EF095260

LRP/8295 KF685896/

CM02R2

THR3

BOR451

BOR450

CM03R16

DELR1

Sphyrna)lewini/1/(Carcharhiniformes:/Sphyrnidae)/

Chiloscyllium/cf./punctatum/(Orectolobiformes:/
Hemiscylliidae)/

Chiloscyllium)punctatum)(Orectolobiformes:/
Hemiscylliidae)/

Stegostoma)fasciatum)(Orectolobiformes:/
Stegostomatidae)/

Stegostoma)fasciatum)(Orectolobiformes:/
Stegostomatidae)/

Nebrius)ferrugineus/(Orectolobiformes:/
Ginglymostomatidae)/

*/Ordinal/classification/follows/Caira/et/al./(2014):/Onc,/Onchoproteocephalidea;/Phy,/Phyllobothriidea;/Rhi,/Rhinebothriidea;/"Tet,"/"Tetraphyllidea."

Phoreiobothrium)lewinense)

OG

Straits/of/Florida,/Florida,/USA/

Cairns,/Queensland,/Australia/

Bangsaray,/Thailand/

Mukah,/Sarawak,/Borneo/

Mukah,/Sarawak,/Borneo/

Weipa,/Queensland,/Australia/

Caira/et/al./(2014)

Caira/et/al./(2014)

Caira/et/al./(2014)

Caira/et/al./(2014)

Caira/et/al./(2014)

Waeschenbach/et/al./(2007)/
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Table 2.

Calliobothrium australis

Calliobothrium australis

Calliobothrium cisloi n. sp.

Calliobothrium cisloi n. sp.

Calliobothrium euzeti

Calliobothrium euzeti

Calliobothrium n. sp. 1

Calliobothrium wightmanorum n. sp.

Calliobothrium wightmanorum n. sp.

Calliobothrium wightmanorum n. sp.

Symcallio barbarae

Symcallio leuckarti

Symcallio leuckarti

Symcallio leuckarti

Symcallio peteri

Symcallio peteri

Symcallio riseri

Symcallio riseri

Symcallio violae

Clistobothrium montaukensis

Crossobothrium laciniatum

Trilocularia gracilis

IG

IG

IG

IG

IG

IG

IG

IG

IG

IG

IG

IG

IG

IG

IG

IG

IG

IG

IG

OG

OG

OG

"Tet"

Phy?

Phy?

"Tet"

"Tet"

"Tet"

"Tet"

"Tet"

"Tet"

"Tet"

"Tet"

"Tet"

"Tet"

"Tet"

"Tet"

"Tet"

"Tet"

"Tet"

"Tet"

"Tet"

"Tet"

"Tet"

Current
Order*

KP128028

KP128027

KP128032

KF685753

KP128031

KP128030

KP128023

LRP 8343

LRP 8277

LRP 8350

LRP 8609

LRP 8608

LRP 8580

LRP 8578

KF685776

KF685883

EF095259

KF685881

KP128025

KP128024

KP128021

KP128019

LRP XXXX XXXXXXXX

LRP XXXX XXXXXXXX

LRP XXXX XXXXXXXX

LRP 8607

LRP XXXX XXXXXXXX

LRP XXXX XXXXXXXX

LRP XXXX XXXXXXXX

Mustelus palumbes (Carcharhiniformes: Triakidae)

Mustelus palumbes (Carcharhiniformes: Triakidae)

Mustelus canis (Carcharhiniformes: Triakidae)

Mustelus canis (Carcharhiniformes: Triakidae)

Mustelus schmitti (Carcharhiniformes: Triakidae)

Mustelus schmitti (Carcharhiniformes: Triakidae)

Host species (host order: host family)

Mustelus palumbes (Carcharhiniformes: Triakidae)

Mustelus asterias (Carcharhiniformes: Triakidae)

Mustelus asterias (Carcharhiniformes: Triakidae)

Mustelus asterias (Carcharhiniformes: Triakidae)

Mustelus schmitti (Carcharhiniformes: Triakidae)

Mustelus asterias (Carcharhiniformes: Triakidae)

Mustelus asterias (Carcharhiniformes: Triakidae)

Mustelus asterias (Carcharhiniformes: Triakidae)

SQ-2

CI-2

PO-1

EM-4

CRP-1

CRP-1

✝ as Calliobothrium cf. verticillatum

Montauk, New York, USA

Old Lyme, Connecticut USA

Pacific Ocean, Costa Rica

Pacific Ocean, Costa Rica

Indian Ocean, South Africa

Indian Ocean, South Africa

North Sea, England

North Sea, England

North Sea, England

Mar del Plata, Buenos Aires, Argentina

North Sea, England

North Sea, England

North Sea, England

Indian Ocean, South Africa

Indian Ocean, South Africa

Indian Ocean, South Africa

Old Lyme, Connecticut USA

Old Lyme, Connecticut USA

Mar del Plata, Buenos Aires, Argentina

Mar del Plata, Buenos Aires, Argentina

Locality

Squalus acanthias (Squaliformes: Squalidae)

Rhode Island, USA

Hexanchus griseus (Hexanchiformes: Hexanchidae) Pacific Ocean, Puerto Montt, Chile

Isurus oxyrhynchus (Lamniformes: Lamnidae)

Mustelus canis (Carcharhiniformes: Triakidae)

Mustelus henlei (Carcharhiniformes: Triakidae)

Mustelus henlei (Carcharhiniformes: Triakidae)

AF-168 Mustelus palumbes (Carcharhiniformes: Triakidae)

AF-41

UK-52

UK-36

UK-36

VI-2

UK-29

UK-10

UK-1

AF-121 Mustelus palumbes (Carcharhiniformes: Triakidae)

AF-51

AF-41

EM -3

EM -3

VI-2

VI-1

GenBank
Host
Acc. No. (28S
Code
rDNA)

LRP XXXX XXXXXXXX

LRP 8652

LRP 8651

LRP 8656

LRP 8341

LRP 8655

LRP 8654

Voucher
Acc. No.

* Ordinal classification follows Caira et al. (2014): Onc, Onchoproteocephalidea; Phy?, possibly Phyllobothriidea; "Tet," "Tetraphyllidea."

Taxon

IG/OG

Caira et al. (2014)

Caira et al. (2014)

Olson et al. (2001) and
Waeschenbach et al. (2007)

Caira et al. (2014)

Bernot et al. (2015)

Bernot et al. (2015)

Bernot et al. (2015)

Bernot et al. (2015)

This study

This study

This study

Bernot et al. (2015)

This study

This study

This study

This study

Bernot et al. (2015)

Bernot et al. (2015)

Bernot et al. (2015)✝

Caira et al. (2014)✝

Bernot et al. (2015)

Bernot et al. (2015)

Source

List of ingroup (IG) and outgroup (OG) taxa included in the analyses with their specimen, museum, and GenBank numbers, and host data. GenBank numbers in bold indicate sequences generated as part of this study.

Figure 1. Schematics illustrating key measurements for Calliobothrium euzeti n.
sp. (A) Hook measurements taken. (B) Laciniation pattern on anterior-most
immature proglottids showing measurements taken. (C) Laciniation pattern on
more posterior immature proglottids. (D) Laciniation pattern on posterior-most
immature proglottids. (E) Laciniation pattern on mature proglottids showing
measurements taken. Abbreviations: L, length; W, width.
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Figure 2. Line drawings of Symcallio peteri n. gen., n. sp. (A) Scolex (holotype
SAMTCA 61827). (B) Terminal genitalia (paratype USNM 1263701). (C) Gravid
worm (paratype USNM 1263701). (D) Detail of medial and lateral hooks
(paratype LRP 8558). (E) Detail of axial hooks. (F) Detail of abaxial hooks. (G)
Gravid proglottid (holotype SAMTCA 61827). Arrows indicate level of cross
sections in Figures 4A and B. Abbreviations: L, lateral; M, medial.
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Figure 3. Scanning electron micrographs of Symcallio peteri n. gen., n. sp. (A)
Scolex; letters indicate location of details in micrographs B–F. (B) Muscular pad.
(C) Microtriches on proximal surface of muscular pad. (D) Microtriches on distal
surface of middle loculus. (E) Microtriches on proximal surface of bothridium. (F)
Microtriches on cephalic peduncle.

96
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Figure 4. Cross sections through proglottids of Symcallio peteri n. gen., n. sp. (A)
Mature proglottid anterior to genital pore (paratype LRP 8598). (B) Gravid
proglottid immediately posterior to ovarian bridge (paratype LRP 8587).
Abbreviations: DED, dorsal excretory duct; VED, ventral excretory duct; OV,
ovary; T, testis; VD, vas deferens; VT, vitelline follicle.
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Figure 5. Light micrographs of cocoons. (A) Ovoid cocoon of Symcallio peteri n.
gen., n. sp. (B) Ovoid cocoon of Calliobothrium euzeti n. sp. (C) Ovoid and
elongate cylindrical cocoons of Calliobothrium euzeti n. sp.
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Figure 6. Line drawings of whole worms. (A) Symcallio peteri n. gen., n. sp.
gravid worm (paratype USNM 1263701). (B) Calliobothrium euzeti n. sp. mature
worm (paratype USNM 1263712). Arrows indicate initiation of each element of
the laciniation patterns depicted in Figures 1B–E.
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Figure 7. Line drawings of Calliobothrium euzeti n. sp. (A) Scolex (holotype
SAMTCA 61834). (B) Terminal genitalia (holotype SAMTCA 61834). (C) Detail of
medial and lateral hooks (paratype LRP 8610). (D) Detail of axial hooks. (E)
Detail of abaxial hooks. (F) Mature proglottid (paratype USNM 1263712). Arrows
indicate level of cross sections in Figures 9A and B. Abbreviations: L, lateral; M,
medial.
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Figure 8. Scanning electron micrographs of Calliobothrium euzeti n. sp. (A)
Scolex; letters indicate location of details in micrographs B, C, F, and G. (B)
Filitriches on scolex apex. (C) Detail of muscular pad showing apical suckers. (D)
Immature proglottids with 2 laciniations; letter indicates area detailed in
micrograph E. (E) Microthrix patch on proglottid with 2 laciniations. (F)
Microtriches on proximal surface of bothridium. (G) Microtriches on distal surface
of bothridium. (H) Proglottids with 4 laciniations; letters indicate areas detailed in
micrographs I and J. (I) Detail of lateral laciniation on proglottid with 4
laciniations. (J) Detail of microtriches on distal surface of lateral laciniation shown
in micrograph I.
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Figure 9. Cross sections though mature proglottids of Calliobothrium euzeti n. sp.
(A) Section between genital pore and ovary (paratype LRP 8624). (B) Section
through tetralobed ovary (paratype LRP 8632). Abbreviations: OV, ovary; T,
testis; UT, uterus; VA, vagina; VED, ventral excretory duct; VT, vitelline follicle.
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Figure 10. Tree resulting from Bayesian Inference (BI) analysis of 28S rDNA
data. Nodal support is given as posterior probabilities (above branches) and
bootstrap values from Maximum Likelihood (ML) analysis (below branches).
Dashes below branches indicate nodes not supported in the ML analysis.

110

111

-

100

-

76

65

99

61

100

88

Megalonchos shawae (KF685764; LRP 8339)

Prosobothrium armigerum (KF685899; LRP 8284)

Platybothrium auriculatum (KF685898; LRP 8289)

Potamotrygonocestus cf. fitzgeraldae (KF685773; LRP 8288)

Acanthobothrium santarosaliense (KF685751; LRP 8300)

Uncibilocularis okei (KF685777; LRP 8310)

55
100

100

-

62

58

-

Trilocularia gracilis (KF685776; LRP 8343)

Calliobothrium australis (KP128031; LRP 8655)

Calliobothrium australis (KP128030; LRP 8654)

Calliobothrium cf. verticillatum (KP128032; LRP 8656)

Calliobothrium cf. verticillatum (KF685753; LRP 8341)

Calliobothrium euzeti n. sp. (KP128028; LRP 8652)

Calliobothrium euzeti n. sp. (KP128029; LRP 8653)

Calliobothrium euzeti n. sp. (KP128027; LRP 8651)

Crossobothrium laciniatum (KF685883)

89
80

Calliobothrium euzeti n. sp. (KP128026; LRP 8650)

Symcallio peteri n. gen., n. sp. (KP128018; LRP 8577)

Symcallio peteri n. gen., n. sp. (KP128022; LRP 8581)

Symcallio peteri n. gen., n. sp. (KP128021; LRP 8580)

100
100

Symcallio peteri n. gen., n. sp. (KP128019; LRP 8578)
Symcallio peteri n. gen., n. sp. (KP128020; LRP 8579)

100
100

Symcallio riseri n. comb. (KP128025; LRP 8609)

Symcallio barbarae n. comb. (KP128023; LRP 8607)

100

Symcallio violae n. comb. (KF685881; LRP 8350)
Symcallio riseri n. comb. (KP128024; LRP 8608)

100

100

100

0.05

78

97

100

100

Balanobothrium sp. (KF685880)
Yorkeria izardi (KF685904; LRP 8319)
Spiniloculus n. sp.1 (KF685775; LRP 8298)

Pedibothrium veravalensis (KF685894; LRP 8320)

Pachybothrium hutsoni (EF095260; LRP 8322)

Rhinebothrium megacanthophallus (FJ177120; LRP 3901)

100

100

Clistobothrium montaukensis (EF095259; LRP 8277)

79

100

98

100

70

94

100

100

Phoreiobothrium lewinense (KF685896; LRP 8295)

Triloculatum andersonorum (KF685895; LRP 8296)

100

100

100

100

100

100

Figure 11. Line drawings of Calliobothrium wightmanorum n. sp. (A) Scolex
(holotype BMNH). (B) Terminal genitalia. (C) Mature worm. (D) Mature proglottid.
(E) Detail of medial and lateral hooks. (F) Detail of abaxial hooks. (G) Detail of
axial hooks. (H) Hook measurements taken. Abbreviations: L, lateral; M, medial.
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Figure 12. Scanning electron micrographs of Calliobothrium wightmanorum n. sp.
(A) Scolex; letters indicate location of details in micrographs C and F. (B) Detail
of hooks and muscular pad showing suckers. (C) Microtriches on proximal
surface of bothridium. (D) Immature proglottids with 2 laciniations. (E) Enlarged
view of microthrix patch on upper left laciniation depicted in micrograph D. (F)
Filitriches on distal surface of middle loculus. (G) Proglottids with 4 laciniations;
letter indicates area detailed by micrograph I. (H) Enlarged view of upper left
laciniation depicted in micrograph G; letter indicates area detailed in micrograph
I. (I) Detail of microtriches on distal surface of lateral laciniation in micrograph H.
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Figure 13. Cross sections though mature proglottids of Calliobothrium
wightmanorum n. sp. (A) Section between genital pore and ovary. (B) Section
through tetralobed ovary. Abbreviations: OV, ovary; T, testis; UT, uterus; VA,
vagina; VED, ventral excretory duct; VT, vitelline follicle.
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Figure 14. Light micrograph of ovoid and elongate cylindrical cocoons of
Calliobothrium wightmanorum n. sp.
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Figure 15. Line drawings of Calliobothrium cisloi n. sp. (A) Scolex (holotype
USNM). (B) Mature proglottid. (C) Mature worm. (D) Detail of medial and lateral
hooks. (E) Detail of abaxial hooks. (F) Detail of axial hooks. (G) Terminal
genitalia. Abbreviations: L, lateral; M, medial.
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Figure 16. Scanning electron micrographs of Calliobothrium cisloi n. sp. (A)
Scolex; letters indicate location of details in micrographs B, C, and G. (B)
Filitriches on scolex apex. (C) Filitriches on distal surface of middle loculus. (D)
Detail of hooks and muscular pad showing suckers. (E) Immature proglottids with
3 laciniations. (F) Enlarged view of microthrix patch patch on lower left laciniation
depicted in micrograph E. (G) Microtriches on proximal surface of bothridium. (H)
Proglottids with 4 laciniations; letter indicates area detailed by micrograph J. (I)
Enlarged view of lower left laciniation depicted in micrograph H; letter indicates
area detailed by micrograph J. (J) Detail of microtriches on distal surface of
lateral laciniation in micrograph I.
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Figure 17. Line drawings of Symcallio leuckarti. (A) Scolex (neotype BMNH). (B)
Terminal genitalia. (C) Gravid worm. (D) Detail of medial and lateral hooks. (E)
Detail of axial hooks. (F) Detail of abaxial hooks. (G) Gravid proglottid.
Abbreviations: L, lateral; M, medial.
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Figure 18. Scanning electron micrographs of Symcallio leuckarti. (A) Scolex;
letters indicate location of details in micrographs B-E. (B) Microtriches on distal
and proximal surfaces of muscular pad. (C) Microtriches on distal surface of
anterior loculus. (D) Microtriches on proximal surface of bothridium. (E)
Microtriches on cephalic peduncle.
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Figure 19. Tree resulting from Maximum Likelihood (ML) analysis of 28S rDNA
data. Nodal support is given as posterior probabilities from Bayesian Inference
(BI) analysis (above branches) and bootstrap values from ML analysis (below
branches).
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73

100
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Clistobothrium montaukensis (EF095259; LRP 8277)

100
100

100
100

100
100

Calliobothrium australis (KP128031; LRP 8655)

Calliobothrium australis (KP128030; LRP 8654)
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Figure 20. Comparison of cestode and host phylogenies. (A) Tree resulting from
Bayesian Inference analysis of 28S rDNA (modified from Fig. 19). (B) Tree
resulting from Bayesian Inference analysis of NADH2 sequence data (1,044 bp)
for triakied sharks modified from Naylor et al. (2012b). Arrows indicate
morphological character state changes: 1: non-laciniate to laciniate proglottids, 2:
muscular pad with 1 sucker to 3 suckers, 3: Accessory piece between axial hook
bases absent to present. Lines connect cestodes and their associated shark host
species; black lines indicate species of Calliobothrium; grey lines indicate
species of Symcallio; white dots in (B) indicate posterior probabilities >95%;
question marks indicate shark species never examined for cestodes.
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Fig. 21 Histological sections of Calliobothrium euzeti in situ in spiral intestine of
Mustelus palumbes. Arrows in B–C indicate location of a subset of dimples on
the surface of villus-like projections.
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Figure 22. Scanning electron micrographs of Calliobothrium euzeti in situ in
intestinal mucosa of chamber 3 of spiral intestine of Mustelus palumbes. (A) 43x
magnification. (B) 92x magnification.
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Figure 23. Histogram showing total number of attached cestodes recovered from
each of the 9 chambers of the spiral intestine of 5 individuals of Mustelus
palumbes. (A) Symcallio peteri. (B) Calliobothrium euzeti.
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Figure 24. Scanning electron micrographs showing mucosal surface of spiral
intestine of Mustelus palumbes in anterior, middle, and posterior chambers. (A)
Chamber 1. (B) Chamber 4. (C) Chamber 8.
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